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TUTORIAL  1 


RELIABILITY  OF  ELECTRONIC  EQUIPMENT 
ASSESSED  BY  FIELD  DATA  COLLECTION  AND  ANALYSIS 


A  tutorial 

by  Prof.  Jergen  Mel  toft 
The  Danish  Engineering  Academy 
Department  of  Electronic  and  Electrical  Engineering 
Akademivcj,  Building  4SI 
DK-2800  Lyngby,  Denmark 


Abstract 

Ten  years  ago  the  reliability  of  electronic  equipment 
was  in  most  cases  'determined'  by  laboratory  testing 
and/or  predictions.  The  basis  for  the  predictions  was 
dominated  by  results  from  laboratory  testing  as  well. 
Very  often  this  type  of  reliability  'determination'  did  not 
correspond  very  well  with  the  following  experience  of 
the  field  performance. 

Today  it  becomes  more  and  more  obvious  that  field  ob¬ 
servations  and  proper  analysis  of  such  observations  are 
the  route  to  be  followed  if  the  reliability  is  to  be  deter¬ 
mined  realistically  and  more  important  is  to  be  im¬ 
proved  continuously. 

This  approach  is  backed  up  by  engineering  methods  of 
analysis  which  is  not  based  on  the  assumption  of  a  con¬ 
stant  failure  rate  and  which  look  at  the  reliability  from 
a  systems  point  of  view  rather  than  from  a  component 


point  of  view.  Furthermore  these  methods  take  into  ac¬ 
count  that  after  a  failure  normally  systems  are  repaired 
and  afterwards  are  neither  "as  good  as  new’  nor  "as  bad 
as  old*.  Finally  the  results  of  an  analysis  point  out 
where  to  concentrate  rectifying  efforts  most  efficiently. 

The  tutorial  goes  through  a  number  of  newly  developed 
methods  for  such  analysis.  The  methods  presented  are 
at  the  same  time  very  efficient  and  simple  to  under¬ 
stand  as  well  as  simple  to  apply.  The  presentation  is  fo¬ 
cused  on  the  practical  engineering  aspects  which  is 
supported  by  a  number  of  industrial  cases  which  the 
author  has  worked  on  succesfiilly  over  the  last  10  years. 

The  data  requirements  for  the  methods  range  from 
crude  infonruUion  (the  *I-p*-method)  to  detailed  in¬ 
formation  (the  M(t)-method). 

As  a  final  point  a  strategy  for  an  efficient  as  well  as  an 
economical  way  to  utilise  the  methods  is  outlined. 
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TUTORIAL  2 


ADVANCED  TECHNIQUES  FOR  INTEGRATED  CIRCUIT  FAILURE  ANALYSIS 

A  tutorial  by 
Karel  Van  Doocselaer 


Alcatel  Bell 

Frauds  Wellesptein  1,  B-2018  Antwerp,  Belgium 


Abstract 

A  general  overview  will  be  given  of  the  various 
techniques  that  have  been  developed  within  the 
semiconductor  industry  for  integrated  circuit  failure 
analysis.  This  overview  will  present  the  principles,  the 
main  advantages  and  difficulties  of  the  different 
techniques  for  failure  localisation,  imaging  and  sample 
preparation.  After  the  overview,  two  techniques  that 
have  proven  major  usefulness  in  a  broad  field  of 
application,  will  be  discussed  in  detail. 

Acoustic  Microscopy  has  caused  a  real  breakthrough  in 
understanding  failure  mechanisms  occurring  in  plastic- 
packaged  ICs.  The  principles  of  this  technique  will  be 


highlighted,  as  well  as  its  use  in  package  related 
reliability  studies  and  package  cracking  (popcorn) 
evaluations.  With  this  background,  hardware 
independent  failure  criteria  will  be  discussed. 

Focussed  Ion  Beams  are  rapidly  emerging  as  the 
powerful  tool  for  sample  preparation  and  silicon  related 
failure  analysis.  Its  field  of  application  is  broadening 
because  of  the  increasing  importance  of  its  capabilities 
for  circuit  repair.  The  different  applications  will  be 
highlighted,  as  well  as  new  developments  towards 
increased  performance. 


ADVANCED  FAILURE  ANALYSIS  OF  SEMICONDUCTOR  DEVICES 

A  tutorial  by 
Massimo  Vanzi 

University  of  Cagliari 

Istiluto  di  FJettrotecnica,  Piazza  d'Armi,  09100  Cagliari,  Italy 


Abstract 

Within  the  general  framework  of  Reliability  Evaluation 
of  semiconductor  devices.  Failure  Analysis  (FA)  should 
play  the  role  of  connecting  the  detected  failure  modes 
with  the  underlying,  and  often  cryptic,  failure 
mechanisms.  To  this  purpose,  many  research  and 
technology  Fields  must  contribute,  ranging  from  basic 
semiconductor  physics  to  advanced  analytical 
techniques.  Nevertheless,  what  is  specific  and  crucial 
for  FA  is  Strategy,  which  is  strongly  dependent  on  (be 
Device  Under  Test  and  its  history.  As  many  backwards 
processes,  this  search  for  causes  of  observed  effects  is 
not  univocaUy  defined,  which  means  that  experience  is 
a  fundamental  component  or,  what  is  the  same,  that  FA 
of  advanced  devices  is  largely  unsuccessful.  In 
particular,  Integrated  Circuits  beyond  a  fair  level  of 
complexity,  compound  semiconductor  devices  and,  in 
this  field,  the  specific  area  of  optoelectronic  devices  are 
almost  virgin  domains  for  FA.  the  Integrated  Circuit 
case  is  just  partially  relaxed  for  IC  manufacturers,  based 
on  their  knowledge  of  project,  layout  and  technology  of 
their  own  products. 


The  general  situation,  on  the  contrary,  is  testified  by 
the  very  low  number  of  actual  failure  analyses  on  those 
fields  that  are  reported  on  specialised  magazines  or 
symposia. 

The  Tutorial  on  Advanced  Failure  Analysis  is 
consequently  focussed  on  on  Strategy  of  some 
significant  case  histories,  dealing  with  failures  from 
field  applications  or  life  tests  of  advanced  semiconductor 
devices  of  the  previously  indicated  categories,  and 
belonging  to  field  applications  or  life  tests.  Well 
established  techniques  will  he  called  into  play,  as  well 
as  advanced  facilities,  both  in  conventional  and  unusual 
applications,  based  on  Strategy  requirements. 
Continuous  feedback  between  physical  measurements, 
interpretive  hypotheses  and  specimen  manipulations 
will  be  presented  as  the  interactive  "navigation  tool’  for 
successful  FA. 
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RELIABILITY:  WHICH  STRATEGY? 

Patrick  D.  T.  O'Connor,  Reliability  Manager, 
British  Rail  Research 


1  .  INTRODUCTION 

The  electronic  component 
industry  leads  the  world  in 
the  achievement  of  quality 
and  reliability,  whilst  at 
the  same  time  providing 
products  and  functionality  at 
steadily  reducing  prices. 
The  reliability  and  cost 
effectiveness  of  modern 
electronic  systems  very 
largely  results  from  the 
almost  incredible  reliability 
of  modern  electronic 
components.  In  fact, 
failures  of  electronic 
components  in  modern  systems 
are  rare  events.  People  in 
the  industry  know  how  these 
results  have  been  achieved, 
and  they  know  that 
competition  demands 
continuous  improvement  even 
on  these  levels. 

In  this  paper  I  will  discuss 
the  effects  of  externally- 
imposed  standards  on  the 
quality  and  reliability  of 
electronic  components . 

2.  IS09000 

2 . 1  Background 

The  international  standard 
for  quality  systems,  IS09000, 
and  the  British  Standard 
equivalent  BS5750,  have  been 
developed  to  provide  a 
framework  for  assessing  the 
extent  to  which  an 
organization  (a  company, 
business  unit,  or  provider  of 
goods  and  services)  meets 
criteria  related  to  the 
quality  of  the  goods  or 
services  provided.  The 
concept  has  been  developed 
from  the  US  Military  Standard 


for  quality,  MIL-Q-9458, 
which  was  introduced  in  the 
1950's  as  a  means  of  assuring 
the  quality  of  products  built 
for  the  US  Military  services. 
The  UK  Ministry  of  Defence 
developed  a  similar  standard 
(Def  Stan  05-21),  as  did  NATO 
(AQAP-1).  The  BSI ,  and  later 
the  ISO,  used  these  as  the 
basis  for  creating  BS5750  and 
IS09000.  These  two  standards 
are  in  fact  identical,  and 
many  other  countries  have 
issued  national  equivalents. 

The  original  aim  of  supplier 
registration,  as  exemplified 
by  standards  such  as  MIL-Q- 
9858  and  Def  Stan  05-21 ,  was 
to  provide  assurance  that  the 
suppliers  of  equipment 
operated  visible  systems,  and 
maintained  and  complied  with 
written  procedures  for 
aspects  such  as  fault 
detection  and  correction, 
calibration,  control  of 
subcontractors,  and 
segregation  of  defective 
items.  They  had  to  maintain 
a  "Quality  Manual",  to 
describe  the  organization  and 
responsibilities  for  quality. 
It  is  relatively  easy  to 
appreciate  the  motivation  of 
large  government  procurement 
agencies  such  as  the  Ministry 
of  Defence  to  impose  such 
standards  on  their  suppliers. 
However,  it  is  widely 
accepted  that  the  approach 
has  not  been  very  effective, 
despite  the  very  high  costs 
involved,  and  in  the  USA  the 
Department  of  Defence  has 
largely  discarded  it  in 
favour  of  more  modern 
methods,  as  described  later. 

ZA _ AeeUgafcian _ of _ Uig. 

Standards 
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The  major  difference  between 
the  standards  and  their 
defence-related  predecessors 
is  not  in  their  content,  but 
in  the  way  that  they  are 
applied.  The  suppliers  of 
defence  equipment  were 
assessed  against  the 
standards  by  their  customers. 
For  example,  the  Ministry  of 
Defence  assessed  UK 
companies,  and  successful 
assessment  was  necessary  in 
order  for  a  company  to  be 
included  on  the  Defence 
Contractors'  List,  and 
therefore  entitled  to  be 
considered  for  MoD  contracts. 
By  contrast,  the 
IS09000/BS5750  approach 
relies  on  "third  party" 
assessment:  certain 

organizations  such  as  BSI, 
Lloyds  Register,  and  several 
others,  are  "accredited"  by 
the  National  Accreditation 
Council  for  Certification 
Bodies  (NACCB) ,  which 
entitles  them  to  assess 
companies  and  other 
organizations,  and  to  issue 
registration  certificates. 
The  justification  given  for 
third  party  assessment  is 
that  it  removes  the  need  for 
every  customer  to  perform  his 
own  assessment  of  a  supplier. 
The  supplier's  registration 
indicates  to  all  his 
customers  that  his  quality 
system  complies  with  the 
standard,  and  he  is  relieved 
of  the  burden  of  being 
subjected  to  separate 
assessments  by  all  of  his 
customers,  who  might 
furthermore  have  varying 
requirements. 

The  other  main  difference  is 
that  IS09000  is  applied  to 
every  kind  of  product  and 
service,  and  by  every  kind  of 
purchasing  organization. 
Today,  schools  and  colleges, 
consultancy  practices,  local 
government  departments,  and 
window  cleaners,  in  addition 


to  large  companies  in  every 
industrial  sector,  are  being 
forced  by  their  customers  to 
become  registered  or  are 
deciding  that  registration  is 
necessary . 

The  assessments  are  performed 
by  trained  and  approved 
assessors.  The  organization 
desiring  to  be  registered 
must  apply  to  a  certification 
body,  and  must  pay  the  fees. 
Continued  certification 
requires  reassessment  every  2 
years,  as  well  as  random 
"spot  check"  assessments, 
typically  twice  per  year. 

In  order  to  generate  the 
number  of  assessors  needed, 
several  organizations  are 
authorised  to  run  training 
courses.  Additionally,  these 
organizations,  and  individual 
consultants,  provide  further 
training  and  consultancy,  for 
example  on  management 
aspects,  help  with  preparing 
the  quality  documentation 
necessary  for  registration, 
and  preliminary  assessments 
to  help  prepare  for 
registration.  Of  course 
these  services  must  all  be 
paid  for. 

To  an  increasing  extent, 
purchasing  organizations  such 
as  companies,  government 
bodies,  and  national  and 
local  government  agencies  are 
demanding  that  their 
suppliers  must  be  registered. 
Many  organizations  perceive 
the  need  to  obtain 
registration  in  order  to 
comply  with  these 
requirements  when  stipulated 
by  their  customers.  They 
also  perceive  that 
registration  will  be  helpful 
in  presenting  a  quality 
image,  and  in  improving  their 
quality  systems. 

Of  course,  the  many 
organizations  and 
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individuals,  from  the  NACCB , 
the  BSI ,  Lloyds  Register,  and 
others,  to  individual 
consultants,  assessors,  and 
trainers  prosetylise  and 
advertise  the  apparent 
benefits  of  the  system,  since 
they  live  by  it.  It  is 
difficult  to  derive  exact 
figures,  but  the  overall  cost 
to  British  industry  is  many 
tens  of  millions  of  pounds 
per  annum  and  growing.  The 
taxpayer  and  other  customers 
also  pay  a  large  amount,  in 
support  to  the  BSI  and  the 
NACCB,  and  in  the  costs  of 
registration  by  the  suppliers 
of  the  goods  and  services 
they  use. 

2.3  Does  ISQ9000  Improve 
Quality? 

IS09000  does  not  specifically 
address  the  quality  of 
products  and  services.  It 
describes,  in  very  general 
and  rather  vague  terms,  the 
"system"  that  should  be  in 
place  to  assure  quality.  In 
principle,  there  is  nothing 
in  the  standard  to  prevent 
an  organization  from 
producing  poor  quality  goods 
or  services,  so  long  as 
procedures  are  followed  and 
problems  are  documented. 
Obviously  an  organization 
with  an  effective  quality 
system  would  normally  be  more 
likely  to  take  corrective 
action  and  improve  processes 
and  service,  than  would  one 
which  is  disorganised. 
However,  the  fact  of 
registration  cannot  be  taken 
as  assurance  of  quality.  It 
is  often  stated  that 

registered  organizations  can, 
and  sometimes  do,  produce 
"well-documented  rubbish". 
An  alarming  number  of 
purchasing  and  quality 

managers,  in  industry  and  the 
public  sector,  seem  to  be 
unaware  of  this  fundamental 
limitation  of  the  standards. 


The  effort  and  expense  that 
must  be  expended  to  obtain 
and  maintain  registration 
tend  to  engender  the  attitude 
that  the  optimal  standards  of 
quality  have  been  achieved. 
The  publicity  that  typically 
goes  with  initial 
registration  supports  this. 
The  objectives  of  the 
organization,  and 
particularly  of  the  staff 
directly  involved  in 
registration,  are  directed  at 
the  maintenance  of  procedures 
and  audits  to  ensure  that 
people  work  to  them.  It 
becomes  more  important  to 
work  to  procedures  than  to 
develop  better  ways  of  doing 
things. 

2.4 _ ISQ9000  and  Total 

Quality 

Total  quality  is  the  approach 
which  was  pioneered  by 
teachers  such  as  W.E.Deming 
and  K.  Ishikawa,  and 
initially  applied  in  Japan  in 
the  late  1950's,  in  which 
every  person  in  the  company 
becomes  committed  to  a  never- 
ending  drive  to  improve 
quality.  The  drive  must  be 
led  by  top  management,  and 
must  be  vigourously  supported 
by  intensive  training,  the 
application  of  statistical 
methods,  and  motivation  for 
all  to  contribute.  The  total 
quality  concept  links  quality 
to  productivity,  and  it  has 
been  the  prime  mover  behind 
the  Japanese  industrial 
revolution.  It  is 
fundamental  to  the  survival 
of  any  modern  manufacturing 
business  competing  in  world 
markets.  Such  businesses  set 
standards  for  quality, 
internally  and  from  their 
suppliers,  far  in  excess  of 
the  requirements  of  IS09000. 
These  are  aimed  at  the  actual 
quality  levels  of  the 
products,  and  at  continuous 
improvement  in  these  levels. 
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Much  less  emphasis  Is  placed 
on  the  "system". 


Third  party  assessment  is  at 
the  heart  of  the  IS09000 
approach,  but  the  total 
quality  philosophy  demands 
close  partnership  between 
suppliers  and  purchasers.  A 
matter  as  essential  as 
quality  cannot  be  safely  left 
to  be  assessed  by  third 
parties,  who  are  unlikely  to 
have  the  appropriate 
specialist  knowledge,  and  who 
cannot  be  members  of  the 
joint  supplier-purchaser 
team.  This  principle  applies 
whether  the  supply  is  of 
complex  engineering  products 
or  of  window  cleaning 
services,  or  anything  in 
between . 

Defenders  of  IS09000  say  that 
the  total  quality  approach  is 
too  severe  for  most 
organizations,  and  that 
IS09000  can  provide  a 
"foundation"  for  a  total 
quality  effort.  However,  the 
foremost  teachers  of  modern 
quality  management  all  argue 
against  this  view.  They 
point  out  that  any 
organization  can  adopt  the 
total  quality  philosophy,  and 
that  it  will  lead  to  far 
greater  benefits  than 
registration  to  the 
standards,  and  at  much  lower 
costs.  It  is  notable  that 
the  IS09000  approach  is  not 
used  in  Japan.  David 
Hutchins,  the  leading  teacher 
of  quality  management  in  the 
UK,  states  in  his  book, 
"Achieve  Total  Quality" 
{Director  Books,  1992)  that 
"Eventually,  those  industries 
that  manage  to  survive  and 
the  governments  of  the 
countries  whose  industries 
have  been  taken  down  this 
blind  alley  will  live  to 
regret  that  they  did  not 
think  all  this  through  before 
it  was  too  late" . 


LJt _ The  Controversy 

Since  its  inception, 
IS09000/BS5750  has  generated 
considerable  controversy. 
The  journal  of  the  Institute 
of  Quality  Assurance  has 
published  a  large  number  of 
letters  from  quality 
professionals,  arguing  that 
the  whole  concept  is  wrong 
and  should  be  abandoned. 
Recently,  articles  and 
letters  have  appeared  in  the 
national  press  and  in 
journals  such  as  The 
Director,  mainly  relating  to 
the  adverse  effects  of  the 
standard  on  small  businesses. 

Small  organizations  are 
questioning  the  value  of  the 
exercise,  as  they  do  not  see 
how  the  expensive  process  of 
preparing  documentation  and 
undergoing  registration 
improves  the  quality  of  their 
products  and  services,  and 
large  organizations  are  also 
querying  the  benefits  in 
relation  to  the  high  costs  of 
compliance  and  questionable 
effectiveness.  The  evidence 
is,  however,  variable.  Some 
organizations  have  generated 
real  improvements  as  a  result 
of  registration,  and  many 
consultants  and  certification 
bodies  provide  good  service 
in  quality  improvement. 

As  remarked  above,  the 
leading  teachers  of  quality 
management  all  argue  against 
the  "systems"  approach  to 
quality,  and  the  world's 
leading  companies  do  not  rely 
on  it.  So  why  is  the 
approach  so  widely  used?  The 
answer  is  partly  cultural  and 
partly  coercion. 

The  cultural  pressure  derives 
from  the  tendency  to  believe 
that  people  perform  better 
when  told  what  to  do,  rather 
than  when  they  are  given 
freedom,  as  well  as  the 


necessary  skills  and 

is  often  as  voluntary  as  a 

motivation,  to  determine  the 

donation  to  the  Mafia.  The 

best  ways  to  perform  their 

standards  have  not  been 

work.  This  belief  stems  from 

written  "by  industry",  but  by 

the  concept  of  "scientific 

people  who  sit  on  standards- 

management",  developed  in  the 

writing  committees,  which  in 

>  1920's  by  the  American 

practice  have  unfettered 

researcher  F.W. Taylor. 

power  to  "standardise" 

"Taylorism"  became  the 

methods  which  directly 

conventional  management 

contradict  the  essential 

doctrine,  in  which  managers 

lessons  of  the  modern  quality 

,  perform  the  functions  of 

and  productivity  revolution. 

j  thinking,  planning  and 

perform  their  tasks  as 

instructed.  "Taylorism"  was 

The  only  rational  solution  to 

utterly  discredited  by  P.F. 

the  situation  that  has  been 

Drucker  in  his  classic  book 

allowed  to  develop  is  to 

"The  Practice  of  Management", 

dismantle  the  structures  that 

published  in  1955. 

have  been  built  around  the  , 

Nevertheless,  the 

standards,  and  to  remove  all 

"scientific"  approach  to 

aspects  of  compulsion, 

management  retains  a  strong 

whether  stated  or  implied. 

hold  on  much  Western 

The  standards  should  be  used 

management  teaching  and 

only  as  a  guide  to  what 

practice. 

should  be  included  in  a 

! 

i  The  coercion  to  apply  the 

I  standards  comes  from  several 

minimal  quality  system.  The 
systems  for  accreditation  and 
registration  should  be 

i  directions.  For  example,  the 

abandoned.  Companies  and 

<  Treasury  guidelines  to  public 

other  suppliers  should  be 

purchasing  bodies  states  that 
,  they  should  "consider 

encouraged  to  set  up  and 
audit  their  own  quality  of 

!  carefully  registered 

goods  and  services  they  buy. 

i  suppliers  in  preference  to 

j  non-registered  ones".  In 

Of  course  any  organization 
should  be  free  to  seek 

practice,  many  agencies 

external  advice  and  auditing 

j  1  simply  exclude  non-registered 

if  they  wish.  However, 

(  j  suppliers,  or  demand  that 

purchasing  organizations, 

■  L  tenderers  must  be  registered. 

particularly  in  the  public 

Several  large  companies  adopt 

sector,  must  not  discriminate 

j  the  same  policy,  and  of 

against  suppliers  on  the 

j  course  all  contractors  and 

grounds  of  who  audits  thair 

their  subcontractors 

quality  systems,  but  only  on 

supplying  the  Ministry  of 

their  quality  management  and 

Defence  must  be  registered. 

performance . 

its  own  assessments  in  favour 

Finally,  the  severe 

of  third  the  party  approach 

limitations  of  the  standards, 

based  on  IS09000. 

in  relation  to  modern 

concepts  and  practices  of 

The  Department  of  Trade  and 

total  quality,  must  be 

Industry  claims  that  the 

recognised  and  emphasised. 

standards  are  "voluntary". 

Their  application  has  no 

and  that  they  "have  been 

doubt  led  to  some  local 

ji  developed  by  industry  to  meet 

improvements,  but  at  great 

their  own  needs".  This  is 

overall  cost,  and  negative 

simply  untrue.  Registration 

overall  effect.  Therefore, 
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the  major  agencies  involved, 
particularly  the  Institute  of 
Quality  Assurance  and  the 
Department  of  Trade  and 
Industry,  should  proclaim  the 
deficiencies  and  should 
support  application  of  the 
quality  methods  that  are  used 
by  the  world's  leading 
companies  and  economies. 


3 .  COMPONENT  STANDARDS 

Standards  for  particular 
component  families  and  types 
orginated  in  the  USA  in  the 
1950's.  For  example,  MIL- 
STD-3851 0  specifies  IC's,  and 
there  is  a  range  of  standards 
covering  every  component 
type.  Near-identical 
standards  were  issued  by  UK 
MoD  and  BSI  (BS9000  series), 
and  later  by  CENELEC  (Europe) 
and  I  EC  (international). 
Concurrently,  standards  for 
testing  were  developed, 
notably  MIL-STD— 88 j  for  IC's, 
and  this  is  mirrored  in 
BS9001  and  in  the  equivalent 
CEN  and  I EC  specif ications . 

These  standards  were  a  good 
idea  at  the  time.  Generally, 
component  quality  and 
reliability  were  low,  and 
stability  of  performance, 
packaging,  etc.  were  seen  to 
be  beneficial  for  systems 
with  long  development  and  use 
cycles,  particularly  militaiy 
systems . 

However,  the  industry's 
response  to  the  requirements 
of  the  industrial  and 
consumer  markets  has  resulted 
in  the  availability  of  ultra¬ 
reliable  components  at  costs 
which  are  significantly  lower 
than  for  components  which 
have  been  produced  and  tested 
in  compliance  with  the 
standards.  In  feet, 
commercial  grade  components, 
particularly  IC's,  have  for 


some  time  been  more  reliable 
than  the  equivalent, 
expensive,  components  which 
comply  with  the  military  and 
other  specifications. 

Since  component  failures  are 
so  rare,  and  since 
replacement  of  components  in 
modern  systems  is  often 
inadvisable,  the  problem  of 
component  replacement  in 
service  has  practically 
vanished.  However,  there  are 
managers,  particularly  in  the 
military  and  in  some  other 
large  organisations  that 
purchase  electronic  systems, 
who  do  not  appreciate  this. 

4.  RELIABILITY  PREDICTION 

In  Reference  1  I  explained 
why  the  standardised  methods 
that  have  been  developed  for 
predicting  the  reliability  of 
electronic  systems  should  no 
longer  be  used.  Methods  such 
as  MIL-HDBK-217  are  based 
upon  the  totally  wrong 
assumptions  that: 

1  .  All  electronic  components 
have  a  propensity  to  fail 
during  service,  and  that  the 
rates  of  failure  are  known 
and  are  constant . 

2.  All  system  failures  are 
-aused  by  component  failures, 
and  all  component  failures 
cause  system  failures.  A 
corrolary  is  that  failures  on 
component  tests  (eg. 
production  test)  can  be 
correlated  to  failures  in 
systems. 

3.  "High  specification" 
components,  eg.  IC's 
purchased  to  MIL-STD- 
38510/BS9001  etc.,  are  more 
reliable  than  commercial 
grade  components.  (The 
comments  in  the  previous 
section  appy). 

4.  All  components  are  much 
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more  likely  to  fail  if  their 
operating  temperatures  are 
increased  in  the  range  up  to 
their  rated  maxima. 

There  are  other  assumptions 
within  the  MIL-HDBK-21 7 
"models"  that  are  wrong,  as 
described  in  Reference  1 . 
Other  methods  also  exist, 
such  as  BT's  HRD4  and  the 
French  equivalent.  All  of 
these  give  highly  misleading 
indications  of  the  influence 
of  component  reliability  on 
the  reliability  of  systems, 
and  they  should  therefore  not 
be  used,  maintained  or 
further  developed.  It  is 
notable  that  the  world's  most 
successful  electronic  system 
developers  do  not  use  them. 

5.  CONCLUSIONS 

I  have  tried  to  show  that  the 
standards  that  are  often 
imposed  with  the  objective  of 
assuring  quality  and 
reliability  generally  have 
the  opposite  effect.  They 
tend  to  add  to  costs,  they 
detract  from  the  activities 
that  really  are  necessary, 
and  they  provide  misleading 
and  pessimistic  indications 
of  what  is  achievable  using 
the  best  modern  methods  of 
quality  control  and  design. 
The  European  electronic 
components  industry  must 
resist  these  impositions,  in 
order  to  retain  and 
strenghthen  its  competitive 
position . 

Reference:  1.  Reliability 

Prediction:  Help  or  Hoax? 
Solid  State  Technology, 
August  1990 
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1.  ABSTRACT 

A  technique  based  on  plasma  etching  of  the  silicon 
die  has  been  developed  in  order  to  study  metallization 
defects  from  the  back  side  of  the  component.  This 
technique  complements  the  infrared  laser  inspection, 
resolving  the  problem  of  the  pour  resolution.  A 
stressmigration  simulation  has  been  carried  out  in 
order  to  determine  the  possibilities  of  this  method. 
Back  SEM  inspection  allows  to  investigate  voids  and 
reductions  of  the  metallization  lines  that  are  not 
visible  in  a  top  SEM  inspection. 


2.  INTRODUCTION 
2.1  Background 

Most  of  the  voids  caused  by  both  stressmigration  and 
electromigration  are  located  in  the  bottom  of  the 
metallization  layer,  avoiding  the  optical  microscope 
detection  and  making  necessary  the  SEM  inspection 
to  be  performed  at  big  angles  and  to  study  cross 
sections  of  several  aluminun  oxides  steps  and  contact 
windows  (in  at  least  two  perpendicular  directions). 
To  complement  these  studies,  a  technique  has  been 
developed  in  order  to  perform  a  SEM  inspection  of 
metallization  layers  from  the  back  side  of  the  chip. 

Infrared  laser  inspection  &om  the  back  side  of  the 
silicon  and  gallium  arsenide  devices  has  been  widely 
used  to  study  the  defects  of  both,  metallization  lines 
(e  g.  stressmigration),  and  contact  windows.  A 
problem  of  this  technique  is  the  "pour"  resolution  due 
to  the  size  of  the  spot.  The  Laser  Scanning 
Microscope  (LSM  Zeiss)  available  in  our  laboratory, 
has  a  spot  size  (using  a  50x  objetive  with  a  N.A.  of 
0.50,  and  a  laser  of  1152  tun)  of  2.81  pm.  This 
implies  a  resolution  that  is  not  enough  to  perform  a 
deep  inspection  of  most  of  VLSI  devices. 

The  method  to  carry  out  this  inspection  consists  of 
sanding  and  polishing  the  die  from  the  backside, 
which  permits  to  get  a  flat  surface  and,  as  the  silicon 
is  transparent  to  the  infrared  laser,  to  be  able  to 
receive  the  reflective  image  through  the  die. 
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metallization  lines  and  in  the  contact  windows.  Top  SEM 
inspection  does  not  allow  to  study  these  defects.  Voids 
were  caused  by  stressmigration. 

2.1.2  Top  SEM  inspection 

Top  SEM  inspection  of  metallization  allows  the 
detection  of  voids  in  the  metallization  lines,  and  the 
study  of  oxide  steps  and  contact  windows  from  the 
top  view.  If  some  voids  are  located  in  the  back  side  of 
metallization,  and  this  is  the  usual  situation,  it  is 
necessary  to  observe  the  samples  with  an  angle,  in 
order  to  detect  those  that  are  near  the  border. 
However,  it  is  not  possible  to  study  the  voids  that  are 
hidden,  or  far  from  the  border. 

Cross  sections  are  usually  carried  out  in  order  to  find 
out  reductions  at  the  contact  windows  caused  by 
silicon  nodules  or  any  other  mechanisms,  such  as 


slressmigrauon  or  electromigration.  This  is  an  old 
and  very  useful  technique,  but  it  only  provides 
information  from  the  contacts  that  are  located  in  the 
polishing  plane.  It  is  necessary  to  do  several  cross 
sections,  at  least  two,  in  order  to  study  the  oxide  steps 
at  different  directions.  Therefore,  a  reduction  in  a 
contact  window  that  is  not  located  in  the  plane  of  the 
section,  cannot  be  studied,  and  furthermore,  only 
some  contacts  per  section  can  be  investigated. 


SEM  inspection  of  a  metallization  line.  Voids  caused  by 
stressmigration  are  visible  when  the  sample  is  observed 
with  an  angle,  but  it  is  impossible  to  decide  how  deep  these 
voids  are. 


SEM  picture  of  a  cross  section.  A  silicon  nodule  is  located 
in  the  middle  of  the  contact  window. 


3.1  Method 

The  method  is  divided  in  three  different  steps 

3.1.1  Sanding  and  polishing 

Sanding  is  done  to  decrease  the  thickness  of  the 
silicon  to  be  etched.  A  radiography  system  is  used  to 
control  the  approaching  to  the  top  of  the  die  This 
process  allows  to  reduce  the  thickness  to  be  etched  to 
less  than  100  pm. 


Radiography  of  a  sample  after  sanding.  The  polishing 
plane  is  very  near  to  the  bonds.  This  is  only  possible  for 
plastic  packages. 

When  polishing  is  done,  the  thickness  of  silicon  can 
be  measured  by  focusing  the  infrared  laser  at  the 
metallization  level  and  at  the  silicon  surface.  This 
allows  to  do  an  infrared  laser  inspection  and  to 
reduce  carefully  the  thickness  to  be  etched. 

3.1.2  Etching 

The  etching  process  is  the  common  used  to  eliminate 
the  glassivation,  but  a  longer  time  is  needed.  We  used 
a  10: 1  plasma  of  CF4  -  O2.  If  the  polysilicon  level  is 
present,  it  means  that  the  passivation  layer  has  not 
been  completely  removed,  and  the  back  SEM  inspec¬ 
tion  of  metallization  can  not  be  performed  yet.  The 
time  required  to  remove  a  silicon  die  is  2-5  hours. 


3.  BACK  SEM  INSPECTION 

A  SEM  inspection  of  the  back  side  of  the 
metallization  level  can't  be  performed  using  standard 
techniques.  Wet  etching  is  a  possibility,  but  it  is 
difficult  to  assure  that  the  metallization  level  has  not 
also  been  slightly  etched,  and  it  is  very  difficult  to 
keep  the  integrity  of  the  layer.  Taking  advantage  of 
the  very  low  etching  rate  of  the  silicon  dioxide 
passivation,  when  a  CF4  -  02  plasma  is  used,  it  is 
possible  to  etch  the  silicon  die  and  to  study  the  bade 
of  the  metallization  layer  by  means  of  SEM 
inspection . 


3.1.3  Inspection 

Inspection  is  made  in  with  SEM.  To  avoid  charge 
effects  that  made  impossible  to  perform  a  suitable 
inspection,  the  samples  must  be  sputtered  with  gold. 


4.  BACK  OPTICAL  INSPECTION 

After  the  plasma  etching  process,  a  bade  inspection 
of  the  metallization  and  the  polysilicon  level  can  be 
carried  out  using  a  normal  optical  microscope. 
Images  are  similar  to  the  infrared  laser  microscope 
ones,  but  in  full  color. 
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i  3  Example  gf.4iffgft5»  fevifig 

In  order  to  study  the  possibilities  of  the  method,  some 
teas  have  been  carried  out  on  different  kind  of 
samples.  Next  pictures  show  the  results: 


A  strong  reduction  of  a  contact  window.  Top  SEM 
inspection  could  show  a  hole,  and  a  cross  section  could  or 
could  not  show  a  strong  reduction,  depending  an  the 
polishing  plane. 


Voids  in  a  contact  window  caused  by  stressmigmtion. 
(Their  shape  follows  the  grain  boundaries). 


6.  CONCLUSIONS 

Bade  SEM  inspection  has  been  found  to  be  a  very 
helpful  technique  to  complement  the  results  of  the 
top  SEM  inspection,  providing  some  information  that 
is  difficult  to  get  by  any  other  techniques. 

It  is  quiet  easy  to  do,  but  care  must  be  taken  during 
the  sanding  process  in  order  to  avoid  the  damage  of 
the  sample,  and  the  plasma  process  must  be  well 
controlled. 
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5.  EXAMPLES 


5.2 


5.1  rflmparai«on  find  Ml SFM  inspections 

Next  pictures  compere  the  contact  windows  studied 
from  the  top  and  from  the  back  of  the  metallization 
lines.  A  cress  section  could  show  a  redaction  of  the 
metallization  or  not,  depending  on  the  direction  of 
the  cross  section  plane.  In  the  back  SEM  inspection, 
the  voids,  caused  by  stressmigration,  are  easily 
studied  in  the  whole  surface  of  the  chip. 


A  compamison  of  contacts  windows  of  two  similar 
samples.  The  first  picture  was  gal  during  a  top  SEM 

inspection  and  the  oiler  two  were  obtained  during  a  back 

SEM  inspection.  Voids  are  visible  in  these  cases. 


After  etching  the  die,  an  optical  inspection  can  be 
carried  out  If  the  passivation  has  not  been  etched 
»n/mgh  some  areas  may  present  the  polysilicon  level. 
Next  pictures  show  some  A1 -polysilicon  contacts 
from  the  back  side,  before  and  after  the  removal  of 
the  polysilicon  level.  Back  SEM  inspection  gives 
information  that  is  very  difficult  to  get  from  both  the 
optical  and  the  Infrared  Laser  inspection. 


Compamison  of  back  optical  and  back  SUM  inspections 
In  the  first  picture  the  polysilicon  was  not  etched.  In  the 
second  and  third  pictures,  the  polysilicon  has  been  etched: 
voids  and  nodules  are  the  cause  of  the  bad  aspect  of  the 
contacts.  The  damages  were  caused  by  an  interdiffusion 
process  between  aluminum  and  polysilicon. 
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This  technique  can  also  be  helpful  in  failure  analysis 
when  these  are  related  with  the  presence  of  voids  in 
the  metallization  lines  or  in  the  contact  windows, 
such  as  stressmigration,  electromigration  and 
inteidifiusion  process. 

A  back  optical  inspection  can  also  be  carried  out 
This  allows  to  detect  defects  at  the  contacts  and  at 
the  polysilicon  levels,  (before  removing  this  layer). 
The  images  are  quiet  similar  to  those  obtained  using 
infrared  laser  microscopy,  but  with  a  higher 
resolution  and  in  full  color. 
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1.  ABSTRACT 

A  scanning  force  microscope  (SFM) 
test  system  is  used  for  voltage  contrast 
studies  on  0.S  pm  integrated  circuits. 
Waveform  measurements  are  performed 
on  passivated  0.5  pm  conducting  fines 
up  to  4  GHz.  Additionally  two 
dimensional  measurements  at  10  MHz 
demonstrate  the  potential  for  a  device 
internal  function-  and  failure  analysis  in 
the  sub-pm-regime  due  to  direct 
correlation  between  voltage  contrast 
and  quantitative  topography  images. 


2.  INTRODUCTION 

Device  internal  function  and  Mure  analysis 
of  very  large  scale  integrated  circuits  (VLSIC)  is 
important  for  the  design  and  simulation  verification. 
Conventional  device  external  test  techniques  for  the 
function-  and  Mure  analysis  of  VLSICs  must  be 
completed  by  device  internal  contactless  test 
techniques  which  allow  a  test  access  to  individual 
devices  [1].  The  contactless  electron  beam  test 
technique  is  well  established  and  suitable  for 
probing  within  VLSICs  in  the  submicrometer 
regime,  but  the  temporal  resolution  is  limited  due  to 
the  electron  transit  time  effect  [2].  Also  problems  in 
probing  passivated  ICs  occur.  A  new  contactless 
test  technique  with  simultaneously  high  spatial  and 
temporal  resolution  for  device  internal  function-  and 
failure  analysis  also  of  passivated  ICs  is  the 
scanning  force  microscope  test  system  [3]-[7], 


In  this  paper  a  SFM  test  system  is  used  for  a 
contactless  device  internal  function-  and  Mure 
analysis  within  silicon  ICs.  Voltage  contrast  images 
of  sub-pm-conducting  lines  are  measured  and 
correlated  to  topography  images.  Additionally  the 
influence  of  scan  direction  is  investigated.  The 
achieved  spatial  resolution  is  quantified  from  the 
voltage  contrast  images.  High  frequency 
measurements  up  to  4  GHz  on  passivated  0.S  pm 
conducting  lines  are  shown  and  discussed. 


3.  ELECTRIC  FORCE  MICROSCOPY 

A  SFM  test  system  for  device  internal 
voltage  measurements  uses  a  sharp  conducting  tip 
which  is  mounted  on  one  end  of  a  conducting 
cantilever  and  is  scanned  across  the  surface  of  a 
device  under  test  (DUT).  The  tip  is  biased  with  a 
sampling  voltage  (the  mechanical  response  ability  of 
the  cantilever  is  limited  in  the  kHz  regime. 
Therefore  a  sampling  technique  must  be  used)  and 
interacts  with  the  electric  signal  on  an  interconnect 
line  via  the  Coloumb  force.  This  interaction  causes  a 
deflection  of  the  cantilever  which  is  optically 
detected.  By  this  high  frequency  measurements  up 
to  40  GHz  have  been  demonstrated  [7].  At  present 
the  limitation  for  using  higher  mixing  frequencies  is 
signal  coupling  to  the  DUT  due  to  antenna 
behaviour  of  the  cantilever/tip.  Special  tip  and 
cantilever  geometries  preventing  this  are  under 
development  and  bandwidths  above  100  GHz  seem 
achievible. 
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4.  TEST  STRUCTURE 

The  test  structure  is  build  upon  a  4.S  mm  x 
4.5  mm  wide  p-doped  silicon  chip  with  various 
conducting  lines  (A-H).  The  electrodes  consist  of 
aluminium,  500  nm  thick.  The  test  structure  itself  is 
mounted  in  a  standard  pin  carrier  and  passivated  or 
unpassivated  avaliable.  Electrical  connections  to  the 
chip  are  made  by  bond  wires. 

For  the  measurements  the  structure  F 
consisting  of  three  conducting  lines  (spacing  and 
line  width  is  500  nm  in  the  test  area)  is  used. 


Figure  1:  Layout  of  the  test  structure  with 

conducting  lines  A-H  and  marked 
test  area  (15  ymxlS  ftm)  on  line 
structure  F 


5.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

For  the  experiments  a  standard  SFM  [8] 
with  an  adapted  electrical  sampling  system  is  used. 


The  experimental  results  should  achieve 
information  of  the  DUT  topography  with  nanometer 
resolution  and  also  information  of  the  voltage  on 
the  conducting  lines  F.  Therefore  first  the 
quantitative  topography  of  the  test  area  was 
measured  in  contact  SFM  mode  ona  an 
unpassivated  IC  (see  figure  2a).  The  image  shows 
partly  damaged  conducting  lines  with  rough  surface 
Then  corresponding  voltage  contrast  images  are 
taken  in  the  same  area  in  non  contact  SFM  mode 
(see  figures  2b-2f).  The  voltage  contrast  images  are 
made  with  applied  voltages  of  left  0V  0),  middle  3V 
(m),  right  3V  (r)  at  10  MHz.  An  inhomogeneous 
voltage  contrast  in  correlation  to  the  damaged 
topography  can  be  seen. 


1  m  r 


a)  topography  image 


M 


b)  voltage  contrast:  tip  versus  DUT  position:  -90° 
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c)  voltage  contrast:  tip  versus  DUT  position:  -45° 


SSRV. 


d)  voltage  contrast:  tip  versus  DUT  position:  0° 


e)  voltage  contrast:  tip  versus  DUT  position:  45° 


0  voltage  contrast:  tip  versus  DUT  position:  90° 

Figure  2:  a)  Measured  topography  of  the  test 

area  from  figure  1  with  three 
conducting  lines  (l,  m,  r) 
b-Q  Measured  voltage  contrast 
images  for  various  tip  versus  DUT 
positions  in  45°  steps  at  10  MHz  for 
applied  voltages  ofOVfl)  and  3V 
(m,r) 


To  verify  that  the  measured  voltage  contrast 
shown  is  free  from  scan  direction  artefacts  due  to 
neighbouring  lines  winch  excert  some  additional 
force  on  the  cantilever/tip  several  position  changes 
are  made.  The  DUT  versus  cantilever/tip  position 
was  changed  in  45°  steps.  In  figure  2b-2f  the 
voltage  contrast  images  of  the  test  area  from  figure 
2a  are  shown  for  various  DUT  versus  tip  positions 
A  comparison  of  significial  points  in  the  voltage 
contrast  images  from  figure  2b-f  shows  no 
measurement  artefacts  due  to  tip/cantilever  versus 
DUT  position. 

To  quantify  the  spatial  resolution  of  the 
voltage  contrast  we  took  linescans  from  image  2a 
and  2d  (line  SO  from  200).  In  figure  3  the  linescans 
with  topography  information  and  voltage  contrast 
are  shown.  To  calculate  the  spatial  resolution  it  is 
necessary  to  zoom  figure  3.  For  this  purpose  the 
edge  of  a  conducting  line  was  chooser  with  large 
signalfall  of  the  voltage  contrast  signal.  In  figure  4 
the  zoomed  area  from  figure  3  is  shown.  Signal 
amplitudes  at  10%  and  90%  are  marked.  A  spatial 
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resolution  of  about  250  nm  can  be  calculated  for  a 
working  distance  of  50  nm  between  tip  and  DUT 


direction  -» 


Figure  3:  Linescan  from  images  2a  and  2d 

(line  50  from  200) 


direction  -> 


Figure  4:  Zoom  area  from  fig.  3  with  signal 

fall  from  90  %to  10% 

To  demonstrate  the  high  measurement  bandwidth  of 
the  SFM  test  system  simultaneously  to  the  high 
spatial  resolution  we  applied  on  a  passivated  IC  an 
analog  high  frequency  signal  (line  structure  F,  line 
(m)  connected,  lines  0,  r)  grounded).  Frequencies  of 
500  MHz,  1  GHz,  2  GHz,  and  4  GHz  are  used.  The 
measured  waveforms  are  shown  in  fig.  5a-d.  The 
measured  signal  (see  fig.  5a)  looks  extremly  good  at 
500  MHz,  but  becomes  with  rising  frequency  noisy. 


This  is  due  to  the  worse  high  frequency 
characteristic  of  the  0.5  pm  conducting  line  causing 
large  signal  damping  with  raising  frequencies  into 
the  GHz-  regime. 


a)  500  MHz 
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Figure  5:  Measured  waveform  on  passivated 
0,5  pm  conducting  line 

a)  500  MHz  applied 

b)  i  .11?  applied 

c)  2  GHz  applied 

d)  4  GHz  applied 


6.  CONCLUSION 

Voltage  contrast  studies  up  to  4  GHz  are 
shown  on  passivated  0.5  pm  conducting  lines  by  a 
SFM  test  system.  A  characterization  of  the  test 
structure  was  made  by  correlation  between 
quantitative  topography  and  voltage  contrast 
measurement  at  10  MHz.  The  obtained  voltage 
contrast  results  are  completed  by  measurements 
concerning  scan  direction  artefacts  showing  no 
correlation  between  tip/cantilever  versus  DUT 
position  and  measurement  results.  The  spatial 
resolution  of  the  SFM  test  system  was  calculated 
from  the  experimental  results  to  250  nm  in  voltage 
contrast  mode  with  still  some  potential  for 
improvements. 
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ABSTRACT 

This  paper  presents  two  novel  applications  of  the  well 
established  EBIC-technique  for  multi -junction  devices. 
The  first  application  deals  with  the  localization  of  gate 
leakage.  The  second  with  localization  of  the  defect  die 
of  a  hybrid-IC  containing  4,  S  or  12  discrete 
transistors. 


1.  INTRODUCTION 

In  general,  papers  about  the  EBIC-technique  concern 
a  single  PN -junction.  Moreover  these  papers  are 
mostly  very  theoretical.  The  applications  in  this  paper 
are  on  the  contrary  not  only  extremely  down  to  earth, 
but  also  very  powerful ,  sensitive  and  fast.  This 
approach  could  be  even  more  useful  for  Integrated 
Circuits. 

The  gate  leakage  application  adds  another  technique  to 
localize  these  kind  of  failures.  Traditionally  Liquid 
Crystal  Microscopy,  which  necessitates  dissipation, 
has  been  used  for  these  kind  of  failures.  Over  the  last 
few  years  Photo  Emission  Microscopy  has  been  used 
widely  as  well.  A  big  disadvantage  of  this  technique  is 
the  fact  that  a  defect  covered  by  metal,  which  acts  as 
a  reflective  layer,  will  not  be  seen  in  general. 

Both  these  techniques  have  a  lower  resolution  when 
compared  with  EBIC,  which  does  not  have  the 
disadvantages  mentioned  above.  Moreover  leakage 
currents  in  the  oA-range  or  even  below  are  not 
difficult  to  localize. 

In  order  to  localize  the  defective  die  in  a  CATV- 
module  (hybrid-IC),  it  was  necessary  in  the  past  to 
remove  some  of  the  bonding  wires.  This  was  in  order 
to  localize  the  leakage  path,  which  gave  rise  to  a 
higher  power  consumption  (supply  current).  It  was 
also  necessary  to  know  which  voltage  should  be 
present  at  which  node.  In  many  cases  information 
from  a  development  engineer  was  needed.  Now  it  is 
possible  to  check  the  dies  first  without  any 
destruction.  This  leaves  many  possibilities  to  analyze 
the  device  further  in  case  of  another  defect. 


2.  PRINCIPLE  OF  OPERATION 

The  EBIC  (Electron  Beam  Induced  Current)-technique 
is  an  option  that  can  be  added  to  a  SEM  (Scanning 


Electron  Microscope).  The  electron  beam  of  the  SEM 
is  scanned  over  the  device.  With  a  normal  i>  'ector 
this  results  in  secondary  and  backscatter  electrons 
being  collected  to  form  a  TV  like  image. 

The  EBIC-technique  however  makes  use  of  the 
electron-hole  pairs  generated  by  the  e-beam.  For  each 
electron-hole  pair  in  silicon  3.6  eV  is  needed  (Ref.l). 
So  for  example  an  electron,  accelerated  with  18  kV, 
can  result  in  500  electron-hole  pairs.  The  micrographs 
in  this  paper  are  made  by  mixing  the  normal-  and 
EBIC-signals.  No  supply  voltage  was  used  for  the 
devices. 

The  electrons  and  holes  are  separated  by  the  built-in 
electrical  field  of  a  rectifying-junction.  Without  an 
electrical  field  the  electron-hole  pairs  will  recombine. 
The  separation  of  electrons  and  holes  gives  rise  to  a 
current  flow  which  is  used  to  form  the  image.  Only  a 
connected  junction  will  yield  an  EBIC  signal. 


3.  GATE  LEAKAGE 

The  basis  of  this  application  is  that  all  junctions  which 
should  be  present  in  the  device  are  shorted  either 
externally  or  by  function.  A  pinhole  through  the  gate 
oxide  can  give  rise  to  a  Schottky  diode.  This  diode  is 
formed  through  the  gate  oxide  by  alloying  of  either  n- 
poly  silicon  with  a  p-type  region  or  aluminum  with  an 
n-type  region.  The  former  case  is  shown  in  figure  1. 
This  figure  shows  a  schematic  cross-section  of  a 
damaged  VDMOST  device. 


Fig.  1:  Cross-section  damaged  gate  oxide. 


The  EBIC  signal  will  be  measured  between  the  gate 
on  the  one  band  and  the  drain  &  source  on  the  other. 
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The  Schottky  diode  is  the  only  junction  which  will 
show  up  in  the  EBIC  signal  in  this  configuration. 
Therefore  gate  oxide  defects  will  appear  as  bright 
spots.  Figure  2  shows  three  such  locations  of 
defective  gate  oxide  of  a  VDMOST  device. 


Fig.  2:  Defective  gate  oxide  (3  bright  spots). 


4.  CATV-MODULES 

In  this  section  the  defect  die  of  a  CATV-module  is 
localized.  The  defect  is  a  shorted  collector-base 
junction  of  one  of  these  dies. 

CATV  (Cable  Antenna  Television)  -  modules  contain 


4,  8  or  12  similar  discrete  transistors  soldered  on 
analuminum  oxide  substrate.  The  module  is  a  push- 
pull  wideband  amplifier  for  the  41  thru  860  MHz 
range.  The  push-pull  combination  is  used  to  diminish 
second  and  third  order  distortion.  Figure  3  shows  a 
standard  electrical  circuit  of  such  a  module  with  four 
transistors.  A  power  doubler  consists  of  8  dies.  Each 
die  of  figure  3  is  then  doubled.  Modules  of  12  dies 
combine  a  power  doubler  as  a  final-amplifier  with  the 
circuit  of  figure  3  as  a  pre-amplifier. 

Often  only  one  of  the  dies  is  defective,  due  to  an 
accidently  generated  external  transient  voltage  pulse. 
This  type  of  pulse  usually  results  in  a  destroyed 
collector-base  junction.  These  junctions  are  operated 
in  reverse  bias  and  are  more  sensitive  to  damage 
caused  by  voltage  overstress  unlike  the  forward  biased 
emitter-base  junctions. 

The  EBIC  signal  will  be  collected  between  VCC  and 
ground.  This  EBIC-signal  only  is  sufficient  to  show 
the  collector-base  junctions  of  all  transistors.  Each 
transistor  contains  four  active  base  diffusion  regions 
and  four  emitter  ballast  resistor  diffusion  regions.  The 
EBIC  signal  of  the  four  collector-base  junctions  and 
the  four  emitter  resistor  regions  (in  fact  collector- 
emitter  parasitic  junction  regions)  of  a  good  transistor 
are  given  in  figure  4. 

The  location  of  the  defective  junction  is  clearly 
indicated  by  the  absence  of  the  collector-base  part  of 
the  EBIC-signal  at  the  defective  transistor  as  shown  in 
figure  5.  So  only  the  emitter  resistor  regions  remain 
showing  up  in  the  EBIC-image. 


Fig.  3:  Electrical  circuit  CATV-module. 
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Fig.  4:  Good  transistor  (illuminated  base  regions). 


W  <=55? 


Fig.  5:  Defective  transistor  (dark  base  regions). 


Collection  of  EBIC-signal  from  T3  and  T4:  these 
transistors  are  connected  to  the  VCC  with  their 
collectors.  The  bases  of  these  transistors  are 
connected  to  ground  via  two  resistors. 

Collection  of  EBIC-signal  from  T1  and  T2:  the  bases 
of  these  transistors  are  connected  to  ground  via  one 
resistor  each.  The  collectors  are  connected  to  VCC 
via  T3  and  T4. 

It  is  not  yet  understood  how  the  part  of  the  EBIC- 
signal  that  is  generated  at  T1  and  T2  can  pass  T3  and 
T4  respectively. 

This  problem  will  be  investigated  further  in  future. 


5.  CONCLUSION 

The  applications  presented  resulted  in  faster  analysis 
of  device  failures.  This  is  because  of  an  advantage  of 
the  EBIC-technique  in  general.  As  this  technique 
combines  localization  and  visual  inspection  in  one 
single  machine. 


The  gate  leakage  application  is  an  alternative  for 
Liquid  Crystal  Microscopy  and  Photo  Emission 
Microscopy. 

The  module  application  made  it  possible  to  localize 
the  defect  die  in  a  non-destructive  way. 
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ABSTRACT 

This  paper  outlines  critical  characterisation 
information  such  as  useful  yields,  sputter  rates  and 
+ve/-ve  ion  probability  of  many  materials  using 
FIBISIMS  employing  a  Go*  beam.  Several  examples 
that  demonstrate  the  application  of  FIBISIMS  for 
materials  evaluation  in  the  microelectronics  industry 
are  presented. 

1.  INTRODUCTION 

FIB  (Focused  Ion  Beam)  technology  has  now  been 
extensively  applied  to  the  microelectronics  industry 
and  in  particular  to  the  semiconductor  field.  Many 
applications  of  FIB  including  device  modification, 
precision  cross-sectioning,  TEM  sample  preparation 
and  even  micro-machining  and  device  fabrication  have 
been  well  documented  in  previous  literature.  FIB/SIMS 
(Secondary  Ion  Mass  Spectrometry  utilising  a  Focused 
Ion  Beam  System)  on  die  other  hand  is  a  relatively  new 
application  of  commercially  available  FIB  systems  that 
allows  materials  characterisation  in-situ  using  basic 
SIMS  capabilities  whilst  FIB  milling  or  imaging  of 
precision  cross-sections. 

Several  micro-SIMS  or  ion  microprobe  SIMS 
instruments  are  available  or  have  been  developed  in 
research  institutes  or  universities.  Levi-Setti  et  al  (Ref. 
4-6)  have  developed  an  ion  microprobe  system  at  die 
University  of  Chicago  -  Hughes  Research  Laboratories 
using  a  401ceV  Ga*  beam  and  have  published 
extensively  on  the  utility  of  such  a  system.  Less  has 
been  written  about  FIB/SIMS  systems  where  die 
system  has  been  designed  primarily  as  an  FIB  with 
milling,  deposition  and  enhanced  etching  capabilities. 
In  this  case  the  system  has  been  optimised  with  these 


techniques  in  mind  and  the  SIMS  is  an  additional 
optional  capability.  Therefore  the  system  has  not  been 
totally  optimised  for  pure  microbeam  SIMS  analysis 
and  therefore  a  compromise  has  to  have  been  made  in 
factors  such  as  transmission  efficiency  of  the  ion 
transfer  optics,  sputtering  rates  and  vacuum  level. 

Very  little  data  has  been  reported  using  a  Ga* 
primary  beam  and  in  particular  using  an  FIB/SIMS 
setup.  The  objective  of  this  work  is  twofold.  Firstly  to 
report  some  important  data  for  SIMS  analysis  using  a 
25keV  Ga*  beam  that  will  enable  more  accurate  and 
efficient  data  collection.  Secondly  it  is  to  demonstrate 
some  of  the  many  applications  of  this  capability  to  the 
microelectronics  industry. 

Useful  Yields  of  several  important  materials 
have  been  measured  and  comparisons  of  these  same 
materials  or  elements  in  different  matrices  have  also 
been  made  to  give  some  quantitative  representation  to 
allow  users  of  such  systems  more  insight  into  data 
interpretation.  This  highlights  the  systems  capabilities 
in  particular  its  weaknesses  and  its  strengths  in  material 
sensitivity.  Sputter  rates  have  also  been  calculated  for  a 
range  of  materials  allowing  mote  accurate  and 
widespread  calibration  of  depth  profiles. 

2.  CHARACTERISATION 

Benninghoven  et  al  in  (Ref.  1)  have  compiled 
and  presented  a  large  amount  of  theory  and  practical 
data  about  SIMS  in  general.  They  have  listed  several 
factors  that  are  commonly  used  as  “Figure’s  of  Merit” 
for  SIMS  instruments.  Some  of  these  have  been  used 
hoe  to  characterise  the  FIB/SIMS  instrument  utilised. 
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The  following  sections  outline  the  formulae 
used  to  calculate  die  data  presented  in  Section  4.  These 
are  all  standard  measures  or  indicators  of  ion  beam 
system  performance  or  specifically  for  SIMS  in  some 
cases.  Other  common  indicates  such  as  the 
instrumental  transmission  factor  f  ,  sample 
consumption  V  and  the  material  conversion  efficiency 
X  4  (A)  could  not  be  calculated  due  to  the  lack  of 
samples  with  a  suitable  fractional  concentration  c(A) 
of  atomic  species  A.  Further  work  is  planned  in  this 
area. 


per  unit  volume  in  a  specific  sample.  This  when 
multiplied  with  the  volume  of  the  sputter  crater  will 
give  an  estimation  of  the  total  number  of  atoms  that 
have  been  sputtered  during  the  analysis. 


0  “  AfxlO12 


(2.3) 


where  Na  is  Avogadto's  Number,  p  is  the  atomic 
density  (g/cm'5)  and  M  is  die  average  atomic  mass. 

2A  Probability  of  Charged  State  o ; 


2,1  Useftil  Yield ; 

The  useful  yield  T,  (A)  ,  is  defined  (eqn  2.1) 
as  the  number  of  detected  secondary  ions  of  species  A 
per  number  of  sputtered  atoms  of  species  A  from  the 
same  sampling  volume.  It  is  therefore  is  a  very  useful 
indication  of  a  system's  sensitivity  under  specific 
conditions  to  a  specific  species  retadve  to  die  amount 
of  sample  dial  has  to  be  consumed. 


T„(A) 


N]{A) 

N(A) 


(2.1) 


The  probability  of  charged  state  q,  a*,  of  a 
particular  species.  111,  is  an  indication  of  the  likelihood 
of  detecting  VI1*  versus  VI*.  for  example. 


a 


i  _ 
R  — 


(2.4) 


where  /VjJ  is  the  number  of  particles  detected  of 
molecular  species  VI  and  in  charge  state  q. 


3.  EXPERIMENTAL  PROCEDURE 


where  AI4(A)  is  the  number  of  detected  secondary 
ions  in  charge  state  q  of  element  A  and  N(A)  is  the 
total  number  atoms  sputtered. 

MLSmiSa-YMd.; 

The  sputter  yield  Sr  (eqn  2.2),  is  the  number 
of  sputtered  atoms  per  incident  primary  ions  which 
gives  an  indication  of  the  sample  consumption  rate 
using  a  specific  beam  current  on  a  specific  material. 


where  Ym  is  the  total  sputter  yield  of  all  species 
irrespective  of  charge  state,  Ip  is  the  primary  ion  beam 
current,  t  is  the  total  sputter  time  and  e  is  the  electron 
charge. 

23  Target  Atom  Density  (atoms  per  um3 ) : 

The  target  atom  density  no  defined  in  eqn  2,3, 
is  simply  as  it  suggests,  an  estimated  number  of  atoms 


The  system  used  for  all  die  SIMS  data  in  this 
paper  was  a  commercially  available  FIB611  with  die 
“SIMSmap”  option  from  FEI  Company.  A  Ga*  LMIS 
(liquid  metal  ion  source)  is  used  with  a  two  lens 
variable  aperture  focusing  ion  optical  column.  The  ions 
used  are  at  an  energy  of  23keV  and  can  be  focused  to  a 
range  of  spot  sizes  from  28nm  to  280nm  delivering  a 
beam  current  of  6pA  to  6nA.  The  FIB  system  is 
configured  to  perform  all  standard,  and  some  not-so- 
standard  applications,  as  well  as  performing  FIB/SIMS. 

This  is  accomplished  using  an  RF  quadrupole 
mass  spectrometer  mounted  to  the  side  of  the  FIB 
chamber  with  km  transfer  optics  that  steer  and  focus 
the  positive  and  negative  ions  generated  into  die  mass 
spectrometer  for  analysis. 

The  transfer  optics  consist  of  a  spherical 
sector  energy  analyser  that  is  positioned  over  the 
sample  and  underneath  die  end  of  the  ion  column.  A 
hole  on  die  top  sphere  and  one  in  die  extraction  plate, 
after  alignment,  allow  die  primary  ions  to  pass  through 
and  the  secondary  ions  to  be  collected.  A  three  element 
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electrostatic  lens  and  deflection  plate  focus  the  to os 
through  the  quadruple's  acceptance  aperture.  The 
quadrupole  mass  filters  the  ions  to  be  detected  by  a 
channel  electron  multiplier  (CEM)  detector.  This  setup 
is  similar  in  design  and  characteristics  to  that  detailed 
in  (Ref.  7). 

The  addition  of  the  mass  spectrometer  to  the 
FIB  chamber  makes  use  of  the  high  spatial  resolution 
achievable  using  the  focused  Ga+  beam  allowing  high 
resolution  SIMS  maps  to  be  obtained  together  with 
highly  localised  spectral  analysis  and  depth  profiling. 

A  beam  current  of  IpA  and  a  serpentine 
scanned  analysis  area  of  7.5x7.5pm  was  used  on  a  set 
of  standard  samples  for  the  characterisation  work.  The 
vacuum  level  of  the  sample  chamber  during  the 
FIB/SIMS  analysis  ranged  between  1.2  and  2x10’  ton. 
All  other  parameters  were  maintained  at  a  constant 
from  sample  to  sample  to  establish  some  consistency 
and  reproducibility  in  die  results.  A  variety  of  system 
parameters  are  used  for  the  applications  work  routinely 
performed  on  the  system,  some  of  which  are  described 
at  the  end  of  the  paper. 

The  volume  of  the  sputter  craters  was 
measured  and  calculated  using  an  Atomic  Force 
Microscope  (AFM).  This  system  was  calibrated  using  a 
standard  grid  at  a  variety  of  predefined  scan  ranges, 
from  1  Ox  10pm  to  100x1 00pm  scanned  using  a  tripod 
piezoelectric  scanner,  before  the  sputter  crater 
measurements  were  made.  The  AFM  used,  was  a 
commercially  available  system.  Universal  Sample 
AFM  from  Topometrix  Corporation.  The  x-y 
dimension  measurements  made  using  the  AFM  were 
verified  using  a  Hitachi  S4100  field  emission  Scanning 
Electron  Microscope  (SEM)  and  a  Hitachi  S2150 
tungsten  filament  SEM  with  a  SEMICAPS  image 
acquisition  and  analysis  system. 

4.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  graph  of  the  sputter  rates  of 
various  elements  measured  in  pm3/nC.  This  graph 
indicates  the  sputter  rates  of  approximately  30  pure 
elements.  It  is  clear  from  this  diagram  that  the  sputter 
rate  varies  quite  considerably  from  element  to  element 
A  slight  bowing  or  peak  in  the  distribution  can  be 


observed  around  Se.  This  slight  peak  in  sputter  rate 
coincides  with  the  atomic  mass  of  Ga,  the  primary 
beam.  It  would  be  expected  that  the  maximum 
sputtering  rate  is  achieved  when  there  is  maximum 
momentum  transfer  between  the  incident  ion  and  the 
stationary  atoms  in  the  sample.  This  occurs  when  both 
are  similar  in  mass,  ie  close  to  the  mass  of  Ga. 


Figure  i  :  Graph  of  Sputter  Kate  versus  Atomic 
Weight  of  the  elements  measured. 


Menial 

Foumila 

Density 

Sr 

St 

Wdzht 

(l/cm*) 

(atarion) 

MsO 

40.32 

3.58 

0.58 

0.15 

AhOi 

101.96 

3.965 

0.32 

0.08 

TO 

63.90 

4*8 

025 

0.15 

TiN 

61.91 

5.21 

027 

0,15 

FtO 

71.83 

5.7 

1,03 

0.2* 

ffeOj 

159.69 

524 

0,91 

0.25 

FeiOi 

231.54 

5.1 

0.97 

0.27 

FeSfa 

63.95 

6,1 

0.90 

024 

fieSi 

119.9* 

5.0 

1.19 

0.33 

CmO 

193.08 

60 

1.15 

0.44 

CfeS 

159.14 

5.6 

1.11 

0.35 

CuFeSi 

0,2* 

OaP 

100.69 

. 

024 

144.64 

521 

27* 

0.61 

SrFi 

125.63 

424 

1.67 

0.44 

Baft 

175.34 

4.89 

1.47 

029 

i.a. 

203.7* 

4.61 

028 

0.07 

CeAh 

- 

_ m _ 

Table  1 :  Sputter  rates  of  various  compound 
materials. 
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Table  1  shows  the  sputter  rates  measured  for 
some  compounds  used  during  the  characterisation. 
Some  are  very  relevant  for  the  microelectronics 
industry,  others  are  there  due  to  novel  applications  or 
for  completeness.  Again,  it  is  clear  in  this  table  that  the 
maximum  sputter  rates  are  when  there  is  Ga  in  the 
sample. 

Figure  2  shows  a  graph  of  the  calculated 
"^(A)  versus  the  atomic  number  of  the  species.  All 
data  plotted  is  for  positive  ions  with  ?-l.  The  solid 
dots  on  the  graph  represent  yields  measured  from  pure 
elements  and  the  hollow  dots  represent  yields 
calculated  of  atomic  species  from  a  compound  matrix 
(as  listed  m  Table  1).  Note  the  approximate  1/M 
relationship  as  encountered  when  using  quadrupole 
spectrometers. 

The  sputter  rate  and  useful  yield  data  is 
critical  to  obtain  precise  data  interpretation  from  SIMS 
results  and  to  be  able  to  plan  an  experiment  effectively. 
The  sputter  rates  allow  more  accurate  depth  profile 
calibration.  Normally  a  depth  profile  will  display  with 
a  linear  x-axis  representing  time.  However  if  the 
sample  is  multilayered  (nearly  all  applications  in 
microelectronics  are  like  this)  then  the  different  sputter 
rates  will  cause  a  non-linear  time  scale.  Using  the 
sputter  rates  presented  in  Figure  1  and  Table  1  the  time 
scale  can  be  converted  into  an  approximate  depth  scale. 
As  an  example,  analysing  a  material  wife  a  sputter  rate 
of  0.2Spm3/nC  using  a  lOOpA  beam  in  a  5x5 pm  area  is 
equivalent  to  removing  approximately  dnm/min. 

X„(A)  values  ere  important  to  consider  since 
they  indicate  if  fee  instrument  is  even  capable  of 
analysing  fee  problem  at  hand.  They  also  give  a 
measure  of  how  much  material  has  to  be  present  or  has 
to  be  consumed  before  any  results  will  be  obtained. 
This  is  very  critical  when  deciding  how  to  analyse  sub- 
micron  particles  on  an  IC  wafer  for  example.  If  fee 
suspected  panicle  has  a  very  low  useful  yield  on  the 
graph  in  Figure  2  then  you  would  have  to  think  very 
seriously  about  using  FIB/SIMS  as  a  tool  to  determine 
its  composition. 

The  yields  displayed  in  Figure  2  may  seem 
lower  than  others  that  have  been  published  previously 
(Ref  3)  but  it  is  important  to  consider  fee  instrument 
on  which  fee  data  was  measured  and  its  capabilities. 
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Figure  2 :  Graph  of  Useful  Yield  T  m  (A)  versus 

Atomic  Number. 

Here  fee  system  has  a  high  sputter  rale  due  to  fee  high 
beam  current  densities  and  the  transfer  optics  and 
quadrupole  have  been  quoted  to  have  a  transmission  of 
approximately  0.5%  (Ref  7).  These  factors  taken  into 
account  and  fee  fact  feat  fee  beam  feat  is  being  used  is 
Ga*,  which  is  not  as  efficient  at  generating  secondary 
ions  as  Cs'  or  O  beams,  account  for  fee  lower  yields. 

Another  important  factor  to  consider  before 
embarking  on  an  analysis  is  whether  the  species  of 
interest  is  likely  to  be  detected  as  a  +ve  or  a  -ve  ion. 
Figure  3  shows  a  graph  of  some  elements  and  fee  ratios 
of  +ve  ion  yield  to  -ve  ion  yield.  This  graph  therefore 
indicates  fee  likelihood  of  a  material  being  either  +ve 
of  -ve.  Anything  above  fee  line  is  likely  to  be  seen  as 
+ve  and  fee  further  above  fee  line  fee  more  likely  it  is 
to  be  +ve.  Similarly  for  points  below  fee  line  being 
more  likely  to  be  detected  as  -ve  ions.  This  knowledge 
is  very  fundamental  to  fee  use  of  a  SIMS  instrument 
and  should  be  clear  before  trying  to  detect  a  particular 
species. 

The  matrix  effect  is  another  complication  to 
SIMS  data  interpretation  and  has  to  be  considered 
when  interpreting  depth  profiles  as  well  as  area  maps 
and  spectra. 

Table  2  gives  some  examples  of  the  matrix 
effect  Here  it  can  be  seen  feat  fee  presence  of  oxygen 
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Figure  3  :  Graph  of +vel-ve  ion  yield  ratio  indicating 
the  relative  likelihood  of  a  species  being  detectable  as 
either  a  +ve  ora-ve  ion. 

in  die  metal  oxides  has  enhanced  the  signals  of  Al*, 
Cu\  Ti*  and  Fe*  from  that  of  the  pure  metal.  Likewise 
the  enhancement  has  been  different  for  different 
species.  AT  and  Cu*  have  been  enhanced  by  lOOx 
whereas  Fe*  and  Ti*  have  only  been  enhanced  lOx  by 
oxygen.  The  enhancement  is  not  just  due  to  die  oxide, 
it  may  also  be  due  to  other  compound/ species.  For 
example,  the  copper  signal  has  been  enhanced  in  the 
sulphide  as  well  as  die  oxide,  however  not  by  the  same 
magnitude.  In  addition  the  matrix  may  not  be 
enhancing  but  actually  suppressing  signal.  The  Fe* 
yield  from  iron  silicide  is  less  than  that  from  pure  Fe. 

This  effect  is  commonly  seen  in  depth  profiles 
for  example  where  there  may  be  a  thin  layer  of  oxide 
present  on  top  of  a  metal  layer  between  two  insulators. 
When  the  ion  beam  reaches  the  metal  oxide  the  signal 
of  die  metal  km  peaks  perhaps  10-100x  higher  than  the 
actual  bulk  metal  itself.  Once  the  oxide  has  been 
eroded  die  peak  in  signal  will  stabilise  at  an 
equilibrium  level  relative  to  the  useful  yield  of  that 
metal.  The  same  phenomenon  can  be  seen  in  area  maps 
sometimes  as  a  bright  ring  around  a  feature  or  particle 
that  would  have  been  expected  to  give  a  solid  area  of 
signal. 

Table  3  presents  die  data  obtained  for  a 
Any  material  that  is  not  represented  in  Table  3  was 
found  to  have  an  <Z,J  equal  to  100%  for  the  singly 
charged  positive  km  state. 

All  of  the  above  measurements  will  obviously 
have  some  error  due  to  the  errors  in  the  instrumentation 
and  those  inherent  with  die  measurement  technique. 


Ion 

Matrix 

■in 

Al* 

1.18x10-* 

E£S8SI 

2.95x10"* 

Ti* 

Ti 

1.93x10-* 

TiO 

3.06x10’ 

TiN 

4.44x10* 

Cu* 

Cu 

2.61X10* 

CujO 

3.63x10’ 

CujS 

1.79x10’ 

Fe* 

Fe 

1.04x10* 

FeO 

3.17x10’ 

FferO, 

2.78x10’ 

FejO« 

2.03x10’ 

FeSij 

4.72x10"* 

FeSj 

6.33x10’ 

0* 

AljOj 

1.24x10’ 

MgO 

3.43x10* 

TiO 

1.50x10’ 

CujO 

8.44x10* 

FeO 

2.21x10* 

Table  2  :  Examples  of  the  Matrix  Effect 


Species 

Ion 

Si 

Si’* 

0.40 

Si* 

0.55 

Si 

0.05 

Al 

Al1* 

0.01 

AT 

0.99 

Ti 

Ti* 

0.995 

Ti’ 

0.005 

C 

C* 

0.01 

C 

0.99 

Table  3  :  Probability  of  Charged  States  for  those 
materials  that  were  tested  and  did  not  have  1003k  for 
«=+• 

One  such  error  is  introduced  by  using  AFM  to  measure 
the  sputter  crater  depth.  Since  die  tip  has  a  finite  shape 
or  profile  it  will  not  follow  the  steep  sidewalls  of  the 
sputter  crater  necessarily  accurately.  There  will 
therefore  be  an  error  introduced  in  die  volume 
measurement.  It  is  however  felt  that  this  error  is  fairly 
negligible  in  comparison  to  die  other  errors  introduced 
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by  the  sputter  crater  roughness  and  non-cuboid  shape. 

A  large  source  of  error  or  more  accurately, 
variation,  in  the  results  arises  from  the  dependence  of 
sputter  rate  upon  the  crystal  orientation  of  the  sample. 
Therefore  a  crystalline  sample  sputtered  from  different 
faces  or  a  polycrystalline  sample  sputtered  in  random 
locations  will  give  different  results.  Although  some 
effort  has  been  made  to  reduce  the  variation  due  to  this 
effect,  it  has  by  no  means  been  eliminated.  Therefore 
there  may  be  a  range  of  values  of  which  the  above 
results  fall  within. 

5.  APPLICATIONS 

There  are  in  fact  many  applications  of 
FIB/SIMS  use  within  the  microelectronics  industry. 
Only  a  few  very  brief  accounts  can  be  given  here  as  a 
sampler  of  what  is  actually  possible.  The  two  main 
areas  that  the  FIB/SIMS  technique  has  over  other 
SIMS  techniques  or  common  laboratory  capabilities 
(such  as  SEM/EDX)  is  its  spatial  resolution  for  high 
resolution  mapping  and  highly  localised  depth 
profiling.  These  are  of  particular  importance  in  the 
wafer  fabrication  /  IC  assembly  and  testing  areas. 

The  system  at  the  Institute  of  Microelectronics 
has  been  targeted  at  three  main  areas  within  the 
microelectronics  industry  disk  drives,  wafer 
fabrication  and  IC  packaging.  The  examples  given  in 
Figures  4-9  can  be  divided  among  these  areas. 

The  first  example,  shown  in  Figure  4,  is  of  a 
high  resolution  map  of  the  air  bearing  surface  (ABS) 
and  the  pole  tip  region  on  a  disk  drive  read/write  head. 
The  top-left  image  is  a  secondary  electron  image 
showing  the  topographical  information.  The 
manufacturer  had  found  particles  on  the  bead  after 
initial  testing  and  wanted  to  establish  their  origin.  The 
subsequent  images  are  of  Cr*  (bottom-left),  F  (top- 
right)  and  O'  (bottom-right)  maps.  These  clearly  show 
that  one  of  the  particles  is  mainly  Cr  (from  magnetic 
layer  on  media)  which  indicates  that  die  head  has 
crashed  into  die  media  while  under  test  The  fluorine 
and  chlorine  are  found  to  be  fairly  wide  spread  over  the 
ABS  and  pole  tips.  These  are  thought  to  have  been  due 


Figure  4  :  SIMS  Map  of  Head  after  disk  crash. 


Figure  5  :  Depth  Profile  of  Magnetic  Media  from  Hard 
Disk  Drive. 

to  an  insufficient  clean  using  CFC’s  or  similar  solvents 
causing  stiction  problems  in  the  drive. 

The  second  example  from  the  disk  drive 
industry  is  a  depth  profile  of  a  bard  disk  media  itself 
and  is  shown  in  Figure  5.  This  displays  three  clear 
regions  in  the  media's  structure.  Cr*  from  the  magnetic 
layer  near  the  surface  (possibly  Co/Cr).  Ni*  from  an 
underlying  NiP  layer  used  as  a  smooth  coating  of  die 
A1  substrate  seen  as  the  third  layer. 

Figures  6  and  7  show  examples  from  the 
wafer  fabrication  industry.  The  first  being  a  mass 
spectrum  from  a  sub-micron  particle  that  was  causing  a 
preferential  polysilicon  growth  during  deposition  by 
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Figure  6 :  Spectrum  from  sub-micron  particle  on 
pofysilicon  layer. 


Figure  7 :  SIMS  map  of  FIB  cross-section  of  10pm 
aluminium  oxide  particle  in  polyimide  layer. 

acting  as  a  seed  or  nucleation  site.  It  was  found  dial 
this  Mg  paiticle  was  one  of  several  species  (including 
A1  and  Fe)  generated  by  the  asher  whilst  ashing  the 
photoresist  from  the  previous  step.  Figure  7  shows  a 
SIMS  map  of  an  FIB  cross-section  of  a  large  AI2O3 
particle  embedded  in  the  polyimide  protective 
overcoat  Since  the  particle  was  seen  to  be  totally 
embedded  in  die  polyimide  it  was  deemed  not  to  be  a 
problem  by  die  manufacturer. 

Finally  Figures  8  and  9  show  examples  of  the 
systems  application  in  the  IC  assembly  industry.  Figure 
8  displays  two  depth  profiles  from  bond  pads  on  two 
different  IC's.  The  top  profile  is  from  a  device  that  had 


Figure  8  :  Depth  profiles  from  Al  pad  with  bondability 
problem  (top)  and  from  device  with  no 
bondability  problem  (bottom). 


Figure  9 :  Depth  profiles  to  measure  the  copper  oxide 
thickness  on  the  backside  of  the  die  pad  from  copper 
leadframes  after  wire  bonding  at  three  different 
temperatures. 
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a  bondability  problem  and  the  bottom  one  is  from  a 
good  device.  It  can  be  clearly  seen  that  the  device  with 
poor  bondability  has  an  aluminium  fluoride  layer  on 
the  surface  of  the  pad.  This  layer  coukl  not  be  detected 
using  SEM/EDX.  A  lot  of  studies  have  already  been 
performed  dial  demonstrate  dial  the  formation  of 
aluminium  fluoride  after  passivation  window  opening 
by  HF  of  fluorinated  plasma  results  in  poor 
bondability.  The  final  example  in  Figure  9  shows  part 
of  an  experiment  to  characterise  the  copper  oxide 
thickness  on  the  backside  of  the  die  pad  on  copper 
leadframes  after  thermosonic  gold  wire-bonding  at 
three  different  temperatures  :  300°C,  280°C  and  240%. 
The  increase  in  heater  block  temperature  clearly  shows 
an  increase  in  die  oxide  thickness. 

6.  SUMMARY 

It  has  been  demonstrated  very  briefly  that  the 
FIB/SIMS  instrument  has  many  capabilities  within 
microelectronics  and  that  to  allow  better  data 
interpretation  and  more  effectively  planned 
experimentation  some  fundamental  data  about  the 
system  is  required.  Some  of  this  data  has  been 
presented.  The  instrument  has  been  confirmed  to  have 
high  sputter  rates  which  have  now  been  measured  and 
presented  for  a  large  variety  of  materials.  Similarly  the 
useful  yields  of  these  materials  have  been  calculated 
and  presented  together  with  some  brief  results  on 
probability  of  charged  states  of  a  sample  of  species, 
probability  of  some  species  being  detected  as  either  a 
positive  or  negative  ion  and  a  sample  example  of  the 
matrix  effect  and  how  that  can  affect  analysis. 
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Abstract 

"Express"  failure  analysis  concentrates  on  the 
important  question  for  users  of  whether  a  failed 
component  was  badly  made  or  whether  it  was 
misused.  The  methods  of  achieving  a  rapid 
analysis  are  described  with  a  statistical  summary 
on  .iundreds  of  devices. 

1  CUSTOMER  REQUIREMENTS 

The  failure  analysis  of  components  was  once 
thought  of  as  being  too  expensive,  long-winded 
and  inconclusive  to  be  valuable  for  users  of 
electronic  components,  but  a  procedure  has  been 
developed  and  optimised  over  several  years  at 
ERA  Technology  Ltd  which  removes  these 
objections. 

When  failures  occur  in  electronic  systems,  the 
user  needs  to  find  out  several  important  features 
as  quickly  as  possible.  Once  the  fault  has  been 
located  down  to  component  level,  further 
analysis  is  required  to  identify  the  cause  of  failure 
to  ensure  appropriate  corrective  action  without 
wasting  time  on  inconclusive  and  unnecessary 
investigations. 


The  user  has  a  different  attitude  to  failures  from 
a  component  manufacturer.  The  user  wants  to 
know: 

•  Whether  the  component  was  well  made 

•  If  not,  whether  the  fault  is  an  isolated  case 
or  batch  related 

•  Whether  the  component  has  been 

correctly  assembled  into  the  product 

•  Whether  the  circuit  design  keeps  the 
component  within  its  rated  use 

•  Whether  the  component  has  been 

electrically  overloaded 

•  If  so,  was  it  over-current,  over-voltage,  or 
turned  on  too  rapidly 

•  Whether  the  environment  was  too  severe, 
such  as  too  high  a  temperature  or 
humidity,  or  excessive  thermal  shock. 

The  cost  of  the  components  may  be  trivial  but  the 
results  of  these  questions  can  involve 
considerable  expense.  For  example  redesign  or 
replacement  of  parts  under  guarantee  all  over  the 
world  may  be  required.  The  answers  need  to  be 
found  rapidly  to  ensure  that  the  systems  continue 
to  operate  safely  and  reliably.  Corrections  must 
be  made  before  reputations  are  adversely 
affected. 
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Distribution  by  type 


2  METHODS  USED 

Ait  Express  Service  has  been  running  for  several 
years  at  ERA  Technology  to  answer  these  needs 
within  two  days  of  receipt  of  the  devices  and 
relevant  data. 

The  procedure  consists  of  the  following  steps: 

•  Examine  the  outside  of  the  package  for 
damage 

•  Make  electrical  measurements  to  confirm 
or  locate  defect  region 

•  Remove  lid  of  hermetic  package  or  open 
plastic  case 

•  Inspect  internal  parts  to  1000  times 
magnification 

•  Locate  visible  defects  and  photograph 
them 

•  Identify  mechanism  from  evidence  as  far 
as  possible 

•  Suggest  remedial  action  or  further 
analysis  if  required 

•  Supply  report  with  photographs 

3  SUMMARY  OF  ANALYSES 

A  large  number  of  devices  examined  under  this 
scheme  have  been  semiconductors,  but  the  range 
of  items  has  included  printed  circuit  boards, 
quartz  crystals,  electro-mechanical  components 
and  opto-electronic  devices.  The  distribution  is 
shown  in  Ftg.l,  where  "discretes"  includes 
diodes,  transistors  and  passive  components.  The 
range  represents  the  type  of  components  that 
actually  fail  in  use  and  not  necessarily  those  of 
the  latest  technology. 


Fig.l.  Distribution  of  components  analysed 
under  the  Express  Service. 

An  analysis  of  the  distribution  of  the  causes  of 
failure  is  shown  in  Fig.2.  Defects  in  manufacture 
and  electrical  over-load  account  for  the  largest 
proportions  of  the  failures.  The  assembly  faults 
were  related  to  the  insertion  into  printed  circuit 
boards  or  to  solder  joints. 

Categories  of  Failure 

Uncertain 


19% 


Fig.2.  The  proportion  of  components  within 
each  failure  category. 


The  cause  of  failure  was  identified  in  the  majority 
of  cases  within  ti.v  two  day  period,  but  some 
compo'.  nts  required  additional  further  analysis. 
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4  EXAMPLES 

From  the  hundreds  of  components  analysed  four 
examples  have  been  selected  from  recent  work 
where  the  failure  mechanism  can  be  briefly 
described  by  a  single  photograph.  Several 
photographs  might  be  used  in  reports.  Normally 
optical  photographs  are  used  but  the  selection 
here  includes  some  from  the  SEM.  The  examples 
cover  manufacturing  faults,  assembly  faults  and 
misuse. 


Fig.3.  Component  manufacturing  fault  in  a 
crystal  oscillator. 

The  SEM  image  shows  the  end  of  the 
crystal  at  A  where  it  is  attached  to  the 
mounting  frame  by  silver  loaded  epoxy 
resin.  Excessive  adhesive  had  been 
applied,  which  had  dripped  through  to 
the  mounting  frame  below  at  B.  After 
curing,  the  excess  had  then  cracked  at 
C,  resulting  in  unusual  damping 
properties  and  an  incorrect  operating 
frequency. 


Fig.4.  Fault  during  assembly  of  a  thyristor 
into  a  system. 

The  SEM  image  shows  the  device  at  an 
angle  after  the  plastic  immediately 
above  the  die  has  been  removed  to 
reveal  cracks  in  the  silicon  at  D  and  E. 
These  had  been  caused  by  the  user 
breaking  off  the  heatsink  tab  at  F  on  the 
outside  of  the  package  to  fit  the 
component  into  a  small  space.  The 
broken  tab  is  partly  obscured  by  a 
conformal  coating. 


Fig.5.  Fault  due  to  misuse  in  a  1200  Amp 
"hockey  puk"  SCR. 

The  SEM  image  shows  the  wire  bond  to 
the  gate  contact  at  the  side  of  the  25  mm 
diameter  die.  The  wire  was  removed 
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while  opening  the  package.  The  fault  is 
a  hole  in  the  die  at  G  filled  with  an 
eruption  of  silicon  caused  by  the  anode 
current  rising  too  rapidly.  As  the  gate 
is  turned  on,  the  area  available  for 
conduction  spreads  across  the  die  at 
about  100  pm/ps.  Here  the  rate  of  rise 
of  the  anode  current  (dl/dt)  was  too 
large,  so  the  current  was  concentrated 
dose  to  the  gate  contact,  causing 
excessive  temperature  rise  and  failure. 


Fig.6.  Fault  due  to  overload  in  an  integrated 
circuit. 

The  optical  image  shows  part  of  an  IC 
with  severe  damage  in  the  region  next 
to  a  bond  pad  at  H.  The  track  leading 
away  from  the  pad  has  fused  at  I  and 
another  track  at  J.  Short  rircuits  have 
formed  above  the  die  at  K  and  another 
beneath  the  oxide  at  L.  Similar  faults 
had  occurred  on  other  devices  at  the 
same  external  pin  number. 

5  CONCLUSIONS 

The  Express  Service  has  successfully  answered 
the  main  questions  required  by  users  in  a  short 
time  scale  on  the  range  of  components  that 
actually  fail  in  service. 


The  well  establislied  procedure,  coupled  with 
decades  of  experience,  provides  the  answers 
required  by  the  user  without  levels  of  detailed 
technical  analysis  of  component  manufacturing 
faults,  which  may  not  be  immediately  necessary. 
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ABSTRACT 

As  a  prerequisite  for  predicting  the  soft-error  rate  (SER) 
of  CMOS  circuits  with  dynamic  registers  a  method  to  cal¬ 
culate  the  SER  is  presented  which  takes  into  account 
charge  collection  by  drift  and  diffusion.  It  has  been  found 
that  besides  collection  due  to  drift,  the  noise  charge  col¬ 
lected  by  diffusion  has  to  be  considered  to  accurately  pre¬ 
dict  the  SER  of  dynamic  CMOS  circuits.  Calculated 
results  are  compared  to  device  simulations  and  SER  mea¬ 
surements. 

1.  INTRODUCTION 

In  1978  May  and  Woods  (Ref.  1)  identified  a-particles  as 
source  of  soft  errors  in  DRAMs.  a-particles  originate  from 
radioactive  decay  of  uranium  and  thorium  impurities  in 
chip  and  packaging  materials.  When  penetrating  silicon, 
the  a-particles  generate  electron-hole  pairs  along  their 
track  which  then  may  be  collected  by  pn-junctions  via  drift 
and  diffusion  mechanisms,  thus  leading  to  current  pulses 
which  can  disturb  normal  operation  of  the  circuit,  resulting 
in  a  soft  error. 

To  obtain  high  throughput  rates  with  small  chip  area  and 
low  power  dissipation  dynamic  pipeline  registers  (Fig.  4) 
are  widely  used  in  CMOS  circuits  for  digital  signal  proces¬ 
sing.  In  the  pipeline  registers  information  is  stored  as 
charge  on  floating  nodes.  Noise  charge  caused  by  an 
a-particle  hit  cannot  be  compensated  by  a  current  from  a 
driving  gate  as  in  the  case  of  static  CMOS  logic.  Thus 
dynamic  registers  are  especially  sensitive  to  soft  errors. 
Furthermore,  due  to  minimisation  the  charge  needed  to 
upset  a  logic  CMOS  circuit  has  decreased,  so  that  soft 
errors  may  become  a  problem  in  submicron  logic  circuits. 
For  these  reasons  it  is  necessary  to  examine  the  soft-error 
rate  of  CMOS  logic  with  dynamic  registers. 

This  paper  describes  a  procedure  for  calculating  the  SER 
of  such  CMOS  circuits.  Results  of  this  calculation  are 
compared  to  device  simulations  and  accelerated  SER  mea¬ 
surements.  In  a  similar  way  this  procedure  may  be  applied 
to  other  logic  CMOS  circuits  with  floating  nodes,  e.  g. 
dynamic  CMOS  logic. 

2.  CALCULATION  OF  THE  SER 

In  order  to  calculate  the  SER  the  charge  needed  to  upset  the 
circuit  —  the  so  called  critical  charge  —  has  to  be  eva¬ 
luated  and  the  frequency  of  a-particle  incidents  causing 


collection  of  an  amount  of  charge  exceeding  the  critical 
charge  has  to  be  determined.  The  critical  charge  may  eas¬ 
ily  be  obtained  by  analog  circuit  simulations. 

The  frequency  of  a-particles  causing  charge  transfers 
greater  than  the  critical  charge  can  be  calculated  using  a 
modified  version  of  the  program  “ALF’  (Ref.  2).  In  this 
program  the  a-particle  source  is  modelled  by  a  thin  layer 
of  radiating  material  (Fig.  1 ).  This  is  agood  approximation 
to  the  uranium  and  thorium  contaminated  aluminum  wires 
on  the  chip. 

The  program  uses  a  monte-carlo  method  for  predicting  the 
SER:  a  source  location  in  the  source  layer  and  a  location 
on  the  silicon  surface  are  randomly  chosen,  defining  the 
position  of  an  a-particle  track  in  space.  The  charge  col¬ 
lected  due  to  this  a-  particle  incident  and  the  probability  of 
its  occurrence  are  calculated.  After  simulating  a  sufficient 
number  of  a-particle  hits  in  this  manner,  the  program  will 
add  up  the  probabilities  of  all  hits  which  led  to  a  charge 
transfer  exceeding  the  critical  charge.  An  estimate  of  the 
SER  of  the  circuit  can  then  be  calculated. 


Due  to  the  large  number  of  a-particle  incidents  to  be  eva¬ 
luated  the  collected  charge  has  to  be  computed  in  short 
CPU-time.  Therefore,  analytical  formulae  are  to  be  used 
rather  than  numerical  calculations.  These  formulae  are 
henceforward  referred  to  as  “model",  as  opposed  to 
numerical  device  “simulations”. 

In  calculating  the  collected  charge  for  a  given  a-particle 
track  both  charge  collection  mechanisms  —  drift  and  dif¬ 
fusion  —  have  to  be  considered.  In  sub-pm  circuits  with 
rather  high  doping  concentration  the  collection  length  for 
funnelling  will  be  small,  so  that  a  relatively  large  amount 
of  charge  will  be  collected  by  diffusion  rather  than  by  drift 
(Table  2).  Hence,  a  diffusion  model  has  been  added  to 
“ALF1. 


collected  from  the  point-source  Qo  at  (jr,,;  zj  by  a  small 
area  dA  located  at  ( x  ;y  ;z  =  0)  is  given  by  (Ref.  3) 


Note  that  the  time  constant  of  charge  collection  by  diffu¬ 
sion  is  much  larger  —  in  the  order  of  10  ns  to  100  ns  — 
than  the  time  constant  of  the  drift  mechanism  —  in  the 
order  of  ps  to  1  ns  —  so  that  the  diffusion  current  is  much 
smaller  than  the  drift  current.  Therefore,  the  charge  col¬ 
lected  by  diffusion  must  be  considered  for  floating  nodes 
in  dynamic  circuits.  In  static  circuits  the  diffusion  current 
is  easily  compensated  by  a  current  from  the  driving  gate, 
so  that  in  this  case  the  charge  collected  by  diffusion  does 
not  result  in  a  significant  voltage  change  at  the  disturbed 
node. 


2.1  Modeli...g  charge  collection  bv  drift 


qix.y)  = - ^ - 5  dA  .  (2) 

2*  ((x  -  x»)2  +  (y-  y„)J  +  vf 


The  total  charge  collected  by  a  rectangular  area  with  cor¬ 
ners  (jt,;y,),  (jr2;y2)  is  obtained  by  integrating  q( x,y): 


Qix»>'i>x2,y2) 


x2  >2 

II 


qU  y)  dy  dx  = 


(3) 


When  a  pn-junction  is  directly  hit  by  an  a-particle,  the 
high  density  of  electrons  and  holes  along  the  a-particle 
track  leads  to  a  deformation  of  the  space  charge  region. 
The  electric  field  extends  into  the  substrate,  thus  enhanc¬ 
ing  the  collection  of  minority  canters  (“funnelling 
effect").  According  to  Hu  (Ref.  4)  this  effect  may  be 
described  using  an  effective  collection  length 


*  j£(J(X),y2)  -/(*2,y,)  -  fix „y2)  +/(*„>',)) 


where 


f(x,y)  =  arctan 


_  (x  -  x„)(y  -  y0) 

(-  z»)  J(x  -  *o +  (V  -  >’0)J  +  ZoJ 


for  n+p-junctions,  where  Isck  denotes  the  length  of  that 
part  of  the  a-particle  track  traversing  the  undisturbed 
space  charge  region  (Fig.  2).  All  charge  generated  along 
the  track  down  to  ic  ,3  collected  at  the  junction.  For 
p+n-junctions  /i,  and  fip  have  to  be  revetsed.  The  imple¬ 
mentation  of  this  funnelling  model  has  been  adopted  from 
the  original  “ALF’-program  (Ref.  2). 


Fig.  2  Diffusion  model 


2.2  Modelling  charge  cnlltttiaaJatdUffusian 

Since  the  time  constant  for  the  funnelling  effect  is  much 
smaller  than  the  .ime  constant  for  diffusion,  both  effects 
may  be  modelled  separately  as  if  they  occurred  sequen¬ 
tially.  After  the  funnelling  has  ceased,  part  of  the  remain¬ 
ing  electron-hole  pairs  diffuse  to  the  space  charge  region 
where  they  are  collected.  This  is  governed  by  the  diffusion 
equation  which  Kirkpatrick  (Ref.  3)  has  solved  analyti¬ 
cally  for  a  point  source  below  a  silicon  surface  with  infi¬ 
nite  recombination  rate  (absorbing  surface).  The  charge 


Eq.3  is  then  integrated  numerically  over  the  length  of  the 
a-particle  track  by  the  modified  “ALF’-program  to  give 
the  total  charge  collected  by  diffusion. 

Eq.  2  was  derived  for  an  infinitely  thin  space  charge  region 
surrounded  by  a  silicon  surface  with  infinite  recombina¬ 
tion  velocity  (absorbing  surface.  Ref.  3).  In  reality  the  sili¬ 
con  surface  below  the  field  oxide  has  a  recombination 
velocity  near  zero,  i.e.  the  regions  surrounding  the  collect¬ 
ing  node  may  include  absorbing  (other  pn-junctions)  as 
well  as  non-absorbing  surfaces  (field  regions).  This  may 
be  accounted  for  by  multiplying  eq.  3  by  an  empirically 
determined  correction  factor.  The  largest  possible  value 
for  this  factor  has  been  found  by  comparison  with  device 
simulations  as  a  maximum  of  2.5  (Table  1  and  Ref.  5)  for 
a  collecting  node  totally  surrounded  by  field  oxide.  Thus 
the  correction  factor  depends  on  the  distribution  of  absorb¬ 
ing  and  non-absorbing  regions  in  the  vicinity  of  the  pn- 
junction  and  varies  from  !  to  2.5.  To  match  simulation 
results  with  experiments  the  correction  factor  was  set  to  1 
in  this  work. 

To  apply  eq.  3  to  a  space  charge  region  with  finite  thick¬ 
ness  the  absorbing  surface  was  moved  to  the  depth  of  the 
space  charge  region  (Fig.  1  and  Ref.  6). 

Furthermore,  to  account  for  well  structures  where  elec¬ 
tron-hole  pairs  diffuse  to  the  pn-junction  as  well  as  to  the 
well-junction,  the  maximum  depth  for  charge  collection 
may  be  entered  as  a  parameter  into  the  program.  This  could 
better  be  achieved  by  introducing  a  second  absorbing  sur¬ 
face  at  the  location  of  the  well  junction,  leading  to  an  infi¬ 
nite  sum  of  terms  such  as  eq.  3  (Ref.  6).  Due  to  the  increase 
in  program  run  time  such  a  model  has  not  been  used  in  this 
work. 

3.  VERIFICATION  OF  THE  MODEL 

The  models  for  drift  and  diffusion  developed  in  sections 
2.1  and  2.2  respectively  were  verified  by  transient  device 
simulations. 


The  applicability  of  the  method  developed  to  calculate  the 
SER  was  then  confirmed  by  accelerated  SER  measure¬ 
ments. 


3.1  Device  simulations 

The  models  developed  above  for  charge  collection  by  dif¬ 
fusion  and  drift  have  been  compared  to  the  results  of  2D 
transient  device  simulations  in  cylinder  coordinates  as 
well  as  to  3D  transient  device  simulations  (Table  1, 2). 

In  order  to  separate  the  charge  due  to  drift  from  that  due  to 
diffusion,  an  exponential  time  dependance  of  the  drift  cur¬ 
rent  has  been  assumed.  A  piecewise  defined  function  con¬ 
sisting  of  an  exp-term  and  a  constant  was  fitted  to  the  cur¬ 
rent  vs.  time  relationship  and  integrated  to  obtain  the 
charge  collected  by  drift.  The  fit  was  done  by  approximat¬ 
ing  a  straight  line  to  a  logarithmic  plot  of  the  current 
(Fig.  6). 


3.2  Measurements 

The  soft  error  rates  of  several  dy  namic  shift  registers  fabri¬ 
cated  in  a  0,6  pm  n-well  CMOS  technology  have  been 
measured  at  various  supply  voltages  (Fig.  3, 4).  Each  shift 
register  has  250  stages.  In  each  stage  information  is  stored 
as  charge  on  the  input  capacitance  of  an  inverter,  a-particle 
hits  in  the  drain/source  areas  of  the  pass  transistorfs)  con¬ 
nected  to  the  floating  node  may  charge/discharge  this  node 
causing  destruction  of  stored  information. 
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— 
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(0.9) 

2.0 
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2.3 

Table  1: 3D  transient  device  simulation  and  model 
results  of  charge  collected  for  absorbing  and  non-ab¬ 
sorbing  surface  conditions;  node  size  2ftm  X  2/tm, 
a-particle  energy  5  MeV,  applied  voltage  0V,  substrate 
doping  5 1016  cm~3. 

In  the  case  of  an  absorbing  surface,  total  charges 
obtained  by  the  models  and  by  device  simulation  match 
well,  whereas  their  components  (drift  charge  and  diffu¬ 
sion  charge )  don't  match.  The  reason  may  be  that  the 
method  used  to  separate  drift  and  diffusion  charge  in  the 
simulation  results  yields  imperfect  results  (fig.6  )■ 


Fig.  3  Shift-register  stage  with  pass-transistor 


_3_ 
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Fig.  4  Shift-register  stage  with  transmission-gate 


For  accelerated  SER  measurements  an  a-particle  sol 
consisting  of  a  steel  disc  coated  with  a  thin  layer  of  241 A  i 
approx.  7  mm  in  diameter  and  having  an  activity  of 
6.9  kBq  was  placed  approx.  1 .2  mm  above  the  chip 
(Fig.  5).  A  series  of  alternating  1  ’s  and  0’s  was  then  written 
into  the  shift  register  while  the  output  was  examined  to 
detect  and  count  the  errors  caused  by  a-particles. 


Fig.  5  Measurement  setup 
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The  results  of  the  accelerated  SER  measurements  were 
compared  to  results  calculated  with  the  modified  version 
of  “ALF".  In  the  case  of  the  test  circuits  involving  trans¬ 
mission  gates  with  pMOSFETs.  the  maximum  depth  of 
charge  collection  in  the  calculation  was  limited  since  the 
pMOSFETs  were  located  in  an  n-well.  The  maximum 
collection  depth  was  chosen  to  fit  the  calculated  results  to 
the  measurements,  as  charge  is  collected  both  by  the  node 
hit  and  by  the  well  junction  and  predicting  the  ratio 
between  these  two  effects  is  difficult.  The  agreement  of  the 
calculated  results  with  measurements  is  fairly  good  as  can 
be  seen  in  figures  8  and  9. 


4.  CONCLUSION 

A  method  for  predicting  the  SER  of  logic  CMOS  circuits 
with  dynamic  registers  has  been  presented  and  verified.  It 
has  been  shown  that  inclusion  of  charge  collected  by  diffu¬ 
sion  is  essential  to  accurately  predict  soft-error  rates  of 
such  circuits. 

The  method  presented  may  also  be  applied  to  every  CMOS 
logic  where  information  is  stored  as  charge  on  floating 
nodes,  e.  g.  dynamic  CMOS  logic.  Based  on  this  work, 
prediction  of  soft-error  rates  for  dynamic  CMOS  circuits 
built  with  future  sub-pm  technologies  is  possible. 
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Fig.  7  Collected  charge  vs.  time  ( 3D  transient 
device  simulation).  Simulated  a-panicle 
strike:  energy  5  MeV,  node  size  2pm  x 
2pm,  substrate  doping  3 1016  cm' 3,  node 
voltage  0V,  absorbing  surface. 
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Fig.  8  Comparison  measurement  -  model,  shift  registers  with  pass  transistors  (width  varied,  cf.  fig.  3) 
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Fig.  9  Comparison  measurement  -  model,  shift  registers  with  transmission  gates  (width  of  pMOSFET  varied,  cf. 
fig.  4).  The  model  without  diffusion  charge  yields  a  SER  of  0. 

The  large  difference  of  the  SER  of  this  figure  to  fig.  8  may  be  attributed  to  a  large  difference  in  the  critical 
charges  of  the  circuits  in  fig.  3  and  fig.  4) 
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Table  2:  Comparison  model  -  device  simulation:  Simulation  was  done  using  a  2D  transient  device  simulation  in  cylin¬ 
der  coordinates  simulating  a  vertical  a-particle  hit  with  5  MeV  energy.  An  absorbing  surface  boundary  condition  was 
assumed. 
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Abstract 

Using  this  new  module  of  Berkeley  Reliability 
Tools  (BERT)  (Ref.l),  user  can  predict  the  er¬ 
ror  rate  due  to  single  event  upset  (SEU)  in  large 
circuits.  The  error  rate  model  described  here 
uses  a  well  established  methodology,  but  for  the 
first  time  a  different  choice  is  made  on  picking 
up  the  sensitive  nodes,  enabling  a  quick  predic¬ 
tion  even  for  very  large  circuits. 

1  Introduction 

As  electronic  components  have  grown  smaller 
in  size  and  power  and  have  increased  in  com¬ 
plexity,  their  enhanced  sensitivity  to  the  radia¬ 
tion  environment  has  become  a  major  source 
of  concern.  Circuits  can  be  randomly  bom¬ 
barded  by  ionizing  particles  of  very  high  energy 
(cosmic  rays  and/or  a-particles),  the  so-called 
single  events.  Pulses  of  ionizing  radiation  are 
known  to  be  effective  in  corrupting  the  informa¬ 
tion  ICs  store.  The  mechanism  is  a  single  event 
upset  and  it  occurs  when  an  energetic  particle 
passing  through  a  microelectronic  cell  gener¬ 
ates  and  deposits  enough  minority  carriers  so 
that  the  cell  changes  state.  The  probability  of 

*  Paolo  Pavan  is  now  with  the  Dipartimento  di 
Scienze  dell’Ingegneria,  University  di  Modena,  Via 
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this  occurring  depends  upon  the  particle  envi¬ 
ronment,  the  possible  path-length  in  the  cell 
and  the  critical  charge  necessary  to  cause  the 
change  of  state.  IC  designers  can  use  radiation- 
hardened  process  technologies  and  radiation- 
hard  circuit  design  techniques,  but  an  impor¬ 
tant  role  can  be  played  by  predictive  modeling 
to  optimize  the  design  for  single-event  tolerance 
and  prediction  of  failure  level;  finally  ground 
base  testing  should  be  used  to  verify  radiation 
tolerance. 


The  circuit-level  modeling  of  single  event  ef¬ 
fects  is  an  area  of  on-going  research.  The 
vulnerability  analysis  of  important  subsystems, 
such  as  analog  subcircuits,  CCD  imagers,  non¬ 
volatile  RAMs,  and  sensors,  is  becoming  more 
and  more  important.  This  module  is  part  of  the 
BErkeley  Reliability  Tools  -  BERT,  an  IC  reli¬ 
ability  simulator.  This  new  module  can  predict 
the  SEU  error  rate  for  complex  digital  circuits. 
The  user  needs  to  provide  the  circuit  and  the 
device  model  parameters  (as  for  circuit  simula¬ 
tion),  and  to  choose  the  environment  in  which 
the  circuit  is  going  to  operate.  Moreover,  if 
data  from  on-earth  characterization  are  avail¬ 
able,  they  can  be  used  to  have  a  more  accurate 
prediction  of  the  failure  rate  according  to  the 
model  proposed  in  (Ref.2). 


2  Overview  of  the  Simulator 

Previous  work  did  not  specifically  address  large 
VLSI  circuits  (Ref.2).  This  module  addresses 
this  need.  The  probability  of  a  SEU  event  oc¬ 
curring  depends  upon  the  charged  particle  en¬ 
vironment,  the  possible  path  lengtL  in  the  cell 
and  the  critical  charge  necessary  to  cause  the 
change  of  state.  Error  rate  calculations  are 
made  according  to  well  established  methodolo¬ 
gies  developed  mainly  for  CMOS  SRAM  cells. 
They  are  based  on  an  exact  path-length  dis¬ 
tribution  function  (Refs.3,4),  a  Linear  Energy 
Transfer  (LET)  spectrum  of  the  cosmic  ray  en¬ 
vironment  (Ref.5),  and  a  parallelepiped-shaped 
sensitive  volume.  The  sensitive  volume  is  eval¬ 
uated  from  the  process  parameters  and  funnel- 
ing  contributions,  as  calculated  in  (Ref.6),from 
the  process  parameters  and  from  the  geome¬ 
tries  in  a  SPICE-deck-like  input. 

Before  the  error  rate  for  a  particular  node 
can  be  calculated,  the  minimum  charge  distur¬ 
bance  at  that  node  required  to  cause  an  error 
must  be  deterrmined.  The  amount  of  charge 
present  at  the  node  is  determined  by  the  to¬ 
tal  capacitance  of  the  node  and  the  voltage  at 
the  time  of  a  single  event  interaction.  Node  ca¬ 
pacitance  is  determined  by  interconnect  capac¬ 
itance,  gate  capacitance,  junction  capacitance, 
and  stray  capacitance  due  to  overlap-regions, 
etc.  The  voltage  is  the  noise  margin  of  the  cir¬ 
cuit  A Vnm-  Critical  charge,  Qcjs  thus  defined 
as  Qc  =  Cs  •  &Vnm.  A Vnm  can  be  either 
determined  from  other  simulations,  or  set  at 
Km/2.  The  module  allows  the  user  to  choose 
whether  Qc  is  to  be  calculated  according  to 
one  of  these  options,  or  assigned  by  user,  pre¬ 
sumably  from  other  kinds  of  simulations. 

If  the  dimensions  of  the  parallelepiped  sensi¬ 
tive  volume  are  1,  w,  and  h,  the  error  rate  can 
be  calculated  as: 

ER=  Ap  *(s)f(s)ds  (I) 

where  Av  —  1/2  (Iw  +  urh  +  hi)  is  the  av¬ 
erage  projected  area  of  the  parallelepiped, 
Sm„ *  =  Vl*  +  to2  +  h4  is  the  maximum  path- 


length  through  the  sensitive  region,  and  Smin  — 
(Jc/( AQ/AS)mal  is  the  minimum  path-length 
for  which  a  particle  can  deposit  the  re¬ 
quired  minimum  charge  Qc.  (AQ/AS)mal  = 
0.28  pC/pm  is  the  maximum  stopping  power 
for  any  particle  in  space  environment,  and  i(s) 
is  the  flux  of  particles  which  can  deposit  a 
charge  greater  or  equal  the  critical  charge  Qc. 
Finally,  /(s)  is  the  distribution  of  pathlengths 
through  a  parallelepiped.  This  formulation  is 
the  basis  for  the  calculation  of  an  error  rate 
for  different  kind  of  circuits.  The  approach 
is  coupled  with  a  technique  modified  from  the 
prediction  of  degradation  by  timing  simulator 
(Ref.7),  which  enables  to  choose  which  are  the 
transistors,  and  thus  the  junctions,  susceptible 
to  cosmic-ray-induced  errors  in  digital  circuits. 
We  assume  that  only  SEU  at  nodes  that  can 
be  pulled  up  or  down  to  the  rail  voltage  values 
(strong  nodes)  have  any  effect  on  the  rest  of 
the  circuit. 

As  an  example,  we  can  consider  the  pull¬ 
down  section  of  a  NAND  circuit,  Figure  1. 
Node  O,  the  output  node,  is  a  strong  node, 
node  A  is  a  weak  one.  If  Nl  is  OFF  any  dis- 


Vdd 


Figure  1:  Nand  Gate 
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CDP1821 


turbance  at  A  will  not  affect  the  output  0.  So, 
too,  is  the  case  if  N2  is  ON.  If  N1  is  ON  and 
N2  is  OFF,  the  charge  disturbance  at  A,  A QA, 
is  shifted  to  O  in  the  worst  case  option.  In  the 
more  accurate  option,  A Qo  is  the  smaller  of 
A QaCo/(Co+Ca)  and  (VlU-Vt)CACo/(CA+ 
Co)-  The  third  and  default  option  is  that, 
because  the  internal  capacitance  at  node  A  is 
smaller  than  the  output  capacitance  at  node 
0,  the  glitch  produced  at  the  output,  limited 
to  (Va  -  Vi)Ca/(Ca  +  Co)  will  not  be  large 
enough  to  propagate  to  any  other  gate  in  the 
circuit. 

The  BERT  preprocessor  determines  the  sig¬ 
nal  strengths  at  each  node.  Summing  the  SEU 
rate  for  each  strong  node  will  give  the  rate  for 
the  circuit. 


3  Simulation  Examples 

The  first  set  of  simulations  was  carried  out 
on  CMOS  SRAMs  to  validate  the  procedure. 
Table  1  shows  the  geometry  parameters  taken 
from  literature  (Ref.8)  for  devices  HM6508  and 
CDP1821,  together  with  process  parameters 
and  an  estimate  of  the  critical  charge  Qc- 
For  devices  HM6508,  the  substrate  doping  is 
1.3  x  IQ15  cm-3,  and  the  p-well  doping  is  1.4  x 
1016  cm-3.  For  a  bias  of  Va  =  bV,  the  deple¬ 
tion  widths  for  the  n-  and  p-channel  transistors 
determine  the  value  of  H  reported  in  Table  1. 
The  hardened  versions  HS6508  and  HS6508RH 
are  assumed  to  have  the  same  sensitive  region 
geometries  for  the  unhardened  HM6508.  The 
critical  charge  Qc  was  estimated  in  0.26  pC 
for  the  unhardened  version,  in  0.82  pC  for  the 
hardened  ones.  Devices  CDP1821  are  Silicon- 
on-Sapphire  (SOS)  devices.  Ionization  charges 
can  be  collected  only  from  the  epitaxial  silicon 
region  between  the  source  and  the  drain.  In 
this  case,  the  sensitive  region  is  limited  to  the 
dimensions  of  the  region  under  the  gate  of  a 
sensitive  transistor.  The  epitaxial  thickness  is 
estimated  as  0.5  pm  ±  10%  (see  values  of  H  in 
Table  1).  In  this  case,  the  critical  charge  is 
estimated  as  1.1  pC.  Results  are  in  good  agree¬ 
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Table  1:  MOS  geometric  parameter  as  from 
(Ref.8);  L,  W,  H  are  in  pm. 


Error  Rate 

This  work 

Ref.  [8] 

HM6508 

2.2  •  10~5 

2  •  1<TS  -r  7  •  10~5 

HS6508 

HS6503RH 

3.2  •  10~6 

2  •  KT7  -i-  5  •  10~6 

CDP1821 

2.5  •  1(T8 

2  •  KT3  -r  7  •  KT8 

Table  2:  Error  Rate  results  for  SRAMs  in 
Errora/bit-day,  compared  with  those  reported 
in  (Ref.8). 


ment  with  those  in  (Ref.8)  (Table  2). 

Simulations  were  also  performed  on  larger 
circuits,  whose  benckmark  and  netlist  format 
are  taken  from  ISCAS’85  (Ref.9)  for  combina¬ 
torial  networks,  and  from  ISCAS’89  (Ref.10) 
for  digital  sequential  circuits.  Each  simulated 
circuit  is  characterized  in  Table  3.  Simulation 
of  digital  sequential  circuits  was  carried  out 
either  taking  into  account  the  contribution  of 
each  strong  node,  or  considering  only  the  nodes 
belonging  to  the  D-type  flip-flop.  SEU  error 
rates  are  reported  in  Table  3.  The  error  rate 
of  the  same  large  circuits  was  simulated  also  for 
different  values  of  V*/,  varying  from  5  to  3  V. 
As  shown  in  Figure  2,  the  error  rate  increases  as 
Vu  decreases,  as  can  be  expected,  since  lower 
Vjj  implies  lower  critical  charge,  thus  a  higher 
sensitivity  to  perturbations,  leading  to  a  higher 
error  rate. 

4  Conclusions 

A  new  module  has  been  added  to  BERT.  It  can 
determine  the  error  rates  for  as  a  result  of  SEU 
in  very  large  digital  circuits.  By  using  a  timing 
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Circuit 

Name 

C432 

C1355 

S208 

S838 

Circuit 

Function 

Priority 

Decoder 

ECAT 

DFM 

DFM 

Total 

Gates 

160 

546 

96 

390 

Input 

Lines 

36 

41 

11 

35 

Output 

Lines 

7 

32 

2 

2 

Number 
of  D-FF 

‘ 

* 

8 

32 

Error 

Rate 

3.9 

15.4 

4.2 

17.9 

D-FF 

E-Rate 

" 

* 

0.9 

3.7 

Table  3:  ISCAS  Benchmark  Circuit  Charac¬ 
teristics  (Refs. 9,10),  and  SEU  Error  Rates  in 
10**  Errors /day. 


Figure  2:  SEU  error  rate  of  the  ISCAS  bench¬ 
mark  circuits  for  different  Vjj  values 


simulator  and  a  new  choice  of  sensitive  nodes,  a 
fast  simulation  of  very  large  circuits  is  enabled, 
thus  providing  a  useful  tool  for  circuit  design¬ 
ers,  who  can  use  BERT  repetitively  during  the 
design  to  understand  how  specific  choices  can 
affect  reliability. 
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SUMMARY 

A  methodology  assessed  for  wafer  level  reliability  is  described.  An  accelerated  lifetest  performed  on  specific  test 
structures  designed  on  purpose  allowed  us  to  correlate  reliability  with  elementary  process  yields. 


Standard  High  Reliability  assurance 
procedures  currently  rely  on  component  qualification 
and,  more  generally,  on  end-of-line  testing.  They  can 
be  very  cost  effective  and  add  significant  delays.  An 
alternate  methodology  would  be  to  monitor  the 
quality  during  part  manufacturing.  This  approach  led 
us  to  design  and  manufacture  a  test  chip  which 
includes  test  structures  to  monitor  elementary  yields 
and  defect  densities.  After  electrical  tests  and 
analyses  on  two  wafer  lots,  160  devices  were 
packaged  and  submitted  to  an  accelerated  lifetest 
Afterwards,  we  studied  the  reliability  of  various 
features  of  the  process  and  investigated  possible 
correlations  between  wafer  level  yields  and 
reliability. 


1.  TEST  CHIP  DESIGN 

The  work  reported  here  required  a  mature, 
qualified  manufacturing  process  and  was  hence 
performed  in  partnership  with  a  space  qualified  Rad 
Hard  CMOS  ASIC  manufacturer.  The  firt  step  was 
the  test  chip  design,  based  on  a  structural 
decomposition  of  the  process  (Reft.  1,  2):  each 
structure  had  to  emphasize  the  impact  of  an 
elementary  defect  related  to  a  process  step  and 
minimize  all  others.  This  was  done  within  the  design 
rules  of  the  technology  to  keep  a  maximal 
commonality  with  "functional"  circuits. 

The  final  test  chip  included  34  substructures 
(Ref.  3)  devoted  to  investigate  the  critical  features  of 
die  technology. 


2.  WAFER  LEVEL  ELECTRICAL  TESTS 

In  a  second  phase,  two  wafer  batches  were 
manufactured  and  electrically  tested  using  a  Keithley 
tester.  Parameters  were  stored  into  a  VAX  computer 
and  analysed  using  BBN's  commercial  RSI 
statistical  analysis  software.  Tables  including  test 
structure  parameters  and  die  x/y  location  on  the 
wafer  were  defined.  This  x/y  traceability  was  kept 
throughout  all  the  phases  of  the  project 

Most  of  the  time,  parametric  data  were  found 
to  be  log-normally  distributed:  reject  criteria  were 
hence  defined  from  cumulative  distribution  function 
plots.  Yields  and  defect  densities  were  obtained  for 
the  various  structures.  From  these  wafer  level 
analyses,  two  different  yield  behaviours  were  found, 
depending  on  the  die  location  on  the  wafer.  Defects 
from  the  inner  area  of  die  wafer  appeared  to  be 
randomly  distributed,  following  a  Poisson  yield 
model,  while  those  from  peripheral  regions  tended  to 
cluster,  revealing  more  systematic  defects 
occurrence.  An  additional  parameter  was  therefore 
defined  in  order  to  identify  the  geographical  origin 
of  the  dice,  leading  for  each  test  structure  to  two 
values  of  yield  and  defect  density 
(center/peripheral). 


3.  LIFETEST  CONDITIONS 

After  these  first  analyses,  160  devices 
extracted  from  the  second  batch  of  wafers  were 
packaged  and  submitted  to  an  accelerated  lifetest. 
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These  dice  were  randomly  selected  from  ten 
wafers  preliminary  extracted  from  the  batch.  Dice 
from  center  (75%)  and  peripheral  areas  (25%)  of  the 
wafer  were  selected  and  tracked  in  order  to  cover  as 
wide  a  distribution  of  defect  densities  as  possible. 

These  dice  were  split  into  different  test 
boards  in  order  to  apply  various  stress  conditions  to 
each  test  structure.  The  lifetest  was  'hen  performed 
on  all  chips  and  test  structures  simultaneously.  The 
stress  conditions  included  two  temperatures  (I25°C 
and  150°C)  and  different  bias  voltages  depending  or 
the  test  structures.  This  lifetest  was  meant  to  be 
easily  implemented  in  a  production  environment: 

♦  thin  oxides  were  submitted  to  electrical  fields  of 
4  and  6  MV/cm 

♦  on  metal  serpentines,  contacts  and  vias  chains, 
two  voltages  (8  V  and  16V)  were  applied  in 
order  to  induce  current  densities  from  a  few  10“ 
A/cm2  to  10’  A/cm2 

♦  intermetallic  oxides  were  stressed  with  an 
electrical  field  around  1  MV/cm. 

Ail  the  devices  were  tested  at  given  instants  (lOOh, 
200h,  400h,  840h,  1600h,  2 lOOh). 


c) 

Fig.  1 :  Layout  of  metal  serpentines. 

Defects  on  serpentines  2  and  3  appeared 
dependent  on  both  temperature  and  voltage  while 
those  on  serpentine  1  were  mainly  voltage  dependent 
(see  fig.  2). 


I 
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4.  LIFETEST  RESULTS 

For  each  test  structure  and  each  stress 
duration,  we  extracted  the  defect  rates  associated 
with  the  stress  conditions.  These  results  were  then 
correlated  with  those  obtained  after  wafer  level  tests. 
We  have  found  useful  to  define  a  youth  defect  rate 
Dy  (at  lOOh)  and  a  wear  defect  rate  Dw  (Dw  =  Dy  - 
Dt  at  t  =  1600h  or  2100h)  for  each  stress  condition. 
In  the  present  work,  we  will  focus  on  the  metal  and 
thin  oxide  test  structures  which  presented  the  higher 
defect  rates. 


Metal  serpentines  showed  an  evolutive  defect 
rate  during  the  lifetest  which  suggested  voltage  and 
temperature  related  effects.  Those  were  different 
according  to  die  underlying  topology  of  the 
serpentines.  Three  topologies  were  under  test: 

♦  metal  serpentine  over  epitaxial  silicon  (epi)  lines 
(serpentine  1  -  see  fig.  la  -) 

♦  metal  serpentine  over  parallele  epi  lines 
(serpentine  2  -  see  fig.  lb  -) 

♦  metal  serpentine  over  an  epi  grid  (serpentine  3 
-see fig.  lc-) 


Each  serpentine  was  interdigited  in  two  metal  combs 
to  investigate  shorts  but  none  appeared  during  the 
lifetest. 


Metal 


-  8V/12S®C 

-  *vmo®c 

-  lfiV/125®C 

-  16V/150°C 


Metal  Serpentine  2 


$V/12S°C 
8V/15 0°C 
16V/125-C 
1€V/150®C 


Fig.  2:  Metal  defect  rate  evolution  for  different 
test  conditions. 


Under  the  same  stress  conditions,  the  first 
serpentine  had  die  higher  defect  rate.  We  hence 
concluded  that,  in  the  first  serpentine,  the  effective 
applied  current  density  was  higher  than  the 
theoretical  value  because  of  metal  thinnings:  they 
were  attributed  electromigration  mechanism  leading 
to  opens.  SEM  photographs  were  performed  in  order 
to  support  that  point  as  showed  in  photo  1.  Opens 
were  more  often  localized  above  polysilicon  steps  as 
expected  because  of  step  coverage. 
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Photo  1 :  Sem  view  of  an  opened  metal  serpentine. 

We  then  compared  the  youth  defect  rate  with 
the  wear  defect  rate  as  shown  in  fig.  3.  This  graph 
shows  a  clear  correlation  between  both  of  them 
leading  us  to  an  important  conclusion:  the  more 
youth  defect  are  observed,  the  less  reliable  structures 
are. 


•  I  tl  It  il  2b  Ik  »  40 

Or  fart  Itjar*  iWfeifS) 


Fig.  3:  Defect  rate  evolution  between  lOOh  and 
2100h  for  metal  structures 


With  regard  to  the  thin  gate  oxide,  three 
structures  were  studied:  the  first  one  was  dedicated 
to  investigate  the  area  feature  while  the  others  were 
devoted  to  edge  effect  investigations  (Ref.  3). 

All  of  them  showed  a  clear  size 
dependence:  the  bigger  test  structure,  the  higher 
defect  rate. 

Edge-dedicated  structures  were  found  to 
behave  in  slightly  different  ways  though  they  both 
could  investigate  edge  effects.  Those  devoted  to 
study  oxide  overetching  showed  a  lower  defect  rate 
than  the  one  dedicated  to  reveal  oxide  thinnings 
along  epitaxial  islands.  The  latter  rather  behave  as 
the  area  structures  which  had  the  higher  defect  rate. 
This  confirms  the  correct  design  of  the  test 
structures,  showing  that  edge  effect-induced  oxide 
failures  here  originated  more  from  thinnings  above 
silicon  island  than  from  oxide  overetching. 

Our  analysis  consisted  first  in  performing 
correlations  between  lifetest  results  and  wafer  level 
test  data. 

We  compared  Dy  with  Dw  for  each  stress 
condition  and  we  observed  that,  mainly  for  the 
biggest  size,  the  more  youth  defects,  the  less  reliable 
the  structures. 


Then,  we  extracted  youth  defect  rates  for  each 
wafer  and  we  compared  them  with  the  corresponding 
defect  rates  obtained  after  wafer  level  tests  We 
found  a  correlation  between  these  parameters  which 
indicated  that  we  tend  to  have  more  youth  defects 
when  we  detected  more  defects  on  wafers. 

In  the  same  way,  we  compared  these  youth 
wafer  defect  rates  with  the  wafer  breakdown  voltage 
measured  on  Process  Control  Modules  (PCM).  This 
led  us  to  point  out  a  correlation  showing  that  the 
lower  the  breakdown  voltage,  the  higher  the  defect 
rate  (see  fig.  4).  This  correlation  was  even  enhanced 
by  normalizing  the  PCM  breakdown  voltage  by  the 
stress  voltage:  we  hence  observed  the  direct  link  with 
wafer  level  characteristics  without  including  stress 
condition  effects. 


•  •  — - 
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Fig.  4:  Youth  defect  rate  vs  breakdown  voltage  on 
PCM. 

All  these  correlations  were  then  performed 
again  by  separating  the  dice  geographically 
(center/peripheral).  We  found  similar  links  as 
previously  but  these  links  were  even  stronger  for  the 
chips  coming  from  the  inner  region  while  they 
appeared  weaker  for  the  devices  from  the  peripheral 
region.  This  can  be  understood  as  the  latter  appeared 
more  prone  to  systematic  defects  (poor  Poisson 
dependencies  at  wafer  level).  They  were  therefore 
proportionnally  less  affected  by  the  "reliability" 
failure  mechanism  that  caused  inner  chips  to  fail. 

Finally,  we  investigated  the  evolutive  chip 
distributions  according  to  the  various  stress 
conditions,  using  cumulative  distribution  function 
plots.  The  latter  exhibited  distributions  which  were 
divided  into  three  parts,  the  first  representing  the 
good  devices  and  the  others  characterizing  the 
failures  (see  fig.  5).  We  hence  found  two  types  of 
defects  revealing  two  simultaneous  failure 
mechanisms. 


67 


i«|lO  ll-nl-i 


Fig.  S:  Cumulative  distribution  function  plot  for 
oxide  leakage  current. 

We  therefore  precised  our  failure  criteria  in 
or  let  to  separate  these  mechanisms  and  we  studied 
them  according  to  the  stress  conditions. 

The  first  mechanism,  corresponding  to  the 
scattered  distribution,  was  called  "small  oxide 
leakages"  as  the  leakage  current  was  low  and 
belonged  to  a  large  range  of  values.  The  second  one 
rather  corresponded  to  instantaneous  oxide 
breakdowns.  It  appeared  mainly  voltage-dependent 
while  oxide  leakages  were  more  or  less  temperature- 
dependent.  In  fact,  oxide  leakage  behaviour  showed 
linked  temperature  and  voltage  dependencies  (see 
fig.  6): 


Oxide  Leakages 


Time  (Hours) 


Oxide  Breakdowns 


Time  (Ho«m ) 


Fig.  6:  Oxide  failure  mechanisms  evolution  with  time 
and  stress  conditions. 

♦  under  a  low  stress  field,  the  defect  rate  was 
greatly  enhanced  by  a  temperature  increase 

♦  under  a  higher  stress  field,  the  temperature 
effect  vanished  and  the  defect  rate  remained 
low.  Sometimes,  we  could  even  observe  a 


decrease  of  the  defect  rate  with  a  temperature 
increase:  this  last  phenomenon!  must  be  linked 
with  the  second  failure  mechanism  which 
occured  simultaneously.  Under  the  higher  stress 
field,  breakdowns  were  more  prone  to  occur 
than  oxide  leakages,  which  was  slightly 
enhanced  by  a  temperature  increase. 

First  assumptions  were  made  according  to  the 
origin  of  these  failures. 

Breakdowns  occurrence  was  attributed  to 
latent  defects  in  the  oxide  layers  since  they  appeared 
under  rather  low  stress  conditions. 

Oxide  leakage  behaviour  was  compared  to  the 
one  observed  by  Olivo  et  al.  (Ref.  4)  and  it  appeared 
to  be  rather  similar.  The  mechanism  proposed  by 
Olivo  et  al.  relies  on  the  presence  of  weak  spots  in 
thermal  oxides;  high  field  stress  destroys  the  oxide 
integrity  at  these  spots,  leading  to  a  current 
enhancement.  Although  our  oxide  was  thicker  than 
the  one  described  in  (4),  we  can  assume  that  the 
leakages  we  observed  came  from  oxide 
imperfections  which  influence  was  enhanced  by  the 
stress.  This  mechanism  predominated  in  the  area 
structures  and  was  weaker  in  the  edge  structures:  this 
can  support  the  fact  that  oxide  leakages  are  more 
linked  with  oxide  integrity  (weak  spots  due  to 
particle  contamination  for  example)  than  with  oxide 
thinnings  which  are  predominant  in  edge  structures. 
More  analyses  are  required  to  accurately  identify  this 
mechanism. 


5.  CONCLUSION 

We  have  proposed  a  wafer  level  reliability 
prediction  methodology,  based  on  the  analysis  of 
specific  test  structures.  A  test  chip  was  designed, 
manufactured  and  electrically  tested  before 
submitting  it  to  an  accelerated  lifetest.  Close 
correlations  were  found  on  metal  structures  between 
the  youth  defect  rate  and  the  structure  reliability.  We 
also  observed  the  underlying  topology  influence  on 
failure  occurrence. 

Results  on  thin  oxide  structures  allowed  us  to 
validate  the  design  of  the  structures  and  to  point  out 
the  link  between  reliability  and  elementary  yields. 
We  also  observed  two  simultaneous  failure 
mechanisms,  one  characterized  by  oxide  leakages, 
the  other  by  oxide  breakdowns.  More  analyses  are 
needed  to  accurately  describe  and  model  these 
mechanisms. 

A  last  phase  will  be  to  manufacture  test 
structures  and  functional  circuits  on  the  same  chip. 
We  will  hence  validate  the  results  presented  here  and 
assess  the  suitability  of  such  a  methodology  for  a 
High  Reliability  procurement  strategy. 
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Abstract 

The  microstructure  of  Al(4%Cu) films  deposited 
on  TdjAl  resistor  films  used  for  thermal  ink  jet 
printheads  was  studied  using  atomic  force  microscopy 
(AFM).  energy  dispersive  X-ray  (EDX)  spectroscopy  and 
transmission  electron  microscopy  (TEM). 
Characterisation  of  the  films  revealed  that  the  A!(4%Cu) 
films  contain  Al-Ta  and  Al-Cu-Ta  phases  and 
precipitates  possibly  related  to  Guinier  Preston  tones 
and  8  particles. 


1.  INTRODUCTION 

Thermal  ink  jet  printheads  (Refs.  1,  2)  utilise 
fast  pulse  heating  of  thin  film  heaters  to  locally  form  a 
bubble  in  the  ink  over  the  heater  surface.  The  printhead 
resistor  structure  is  normally  fabricated  on  a  silicon 
substrate  using  standard  IC  technique.  A  barrier  film  of 
silicon  dioxide  is  first  deposited.  The  resistor  film  is 
tantalum  aluminum  and  is  magnetron  sputtering 
deposited.  Aluminum  doped  with  a  small  percentage  of 
copper  is  deposited  next  by  magnetron  sputtering  to 
form  the  conductor  film. 

Efficient  performance  of  the  thermal  ink  jet 
printer  requires  that  the  heater  excitation  lasts  for 
microseconds  and  raises  the  heater  surface  to  several 
hundred  degrees  Celsius  at  frequencies  of  a  few 
kiloHertz.  During  the  operation  and  life  of  the  printhead. 


the  conductor  and  resistor  experience  severe  electrical, 
mechanical,  thermal  and  chemical  stresses  which  are 
detrimental  to  the  performance  and  life  of  the  devices. 
For  example,  electromigration  may  occur  under  the 
electrical  stress  and  affects  die  reliability  of  the  A1 
electrode  considerably.  Hence,  it  is  important  to 
characterise  the  metallurgical  properties  of  the  AI(4%Cu) 
films. 

We  have  investigated  the  microstructure  of 
Al(4%Cu)  thin  films  deposited  on  Ta,Al.  A  lOOnm 
TajAl  resistor  film  was  sputtered  onto  a  1.6pm  Si02 
barrier  film.  The  conductor  film  was  formed  by 
sputtering  a  500nm  A1  doped  with  4%  of  Cu  on  the 
resistor  layer.  The  entire  structure  was  fabricated  on  an 
unpatterned  p +  Si  substrate.  The  structure  and 
composition  of  the  Al(Cu)  films  were  analysed  by 
scanning  electron  microscopy  (SEM),  atomic  force 
microscopy,  transmission  electron  microscopy  and 
energy  dispersive  x-ray  spectroscopy. 

Two  sets  of  Al(4%Cu)  films,  hereafter  referred 
to  as  Samples  #1  and  #2  respectively,  fabricated 
separately  by  two  identical  systems  with  slight  difference 
in  the  operating  conditions  were  studied.  The  A1  films  in 
Sample  #1  were  magnetron  sputtered  by  a  system  which 
was  run  continuously  overnight  whereas  Sample  #2  was 
fabricated  by  a  system  during  a  qualifying  test  In  this 
paper.  Sample  #1  is  used  as  a  reference  for  comparative 
study,  and  only  the  microstructure  in  Sample  #2  will  be 
analysed  in  detail. 


2.  RESULTS 


2.1  SEM/EDX  and  AFM 

The  high  resolution  scanning  electron 
micrograph  shown  in  Fig.  1  indicates  that  the  surface  of 
the  Al  conductor  films  consist  of  three  distinct  regions: 

1)  A  fairly  smooth  and  uniform  region  which  appeared 
as  dark  contrast.  This  background  region  showed  strong 
Al  signals,  with  a  small  amount  of  Cu,  in  the  SEM/EDX 
spectrum: 

2)  Small  spots  appeared  as  bright  contrasts  of  about 
20nm  and 

3)  "Grains"  of  approximately  200nm  -  400nm. 


(b) 


Fig.  1  High  resolution  SE  micrographs  of  a  region  of  the 
Al(Cu)  films.  The  SEM/EDX  results  of  the  background 
(i.e.  darker  contrast)  showed  the  presence  ofAl  and  Si 
only.  Due  to  the  spatial  limitation  of  the  EDX  in  SEM, 
no  useful  elemental  information  could  be  obtained  from 
the  small  bright  spots  and  "grains",  (a)  Sample  91,  (b) 
Sample  92. 


It  can  be  clearly  observed  that  Sample  #2 
contains  a  much  higher  amount  of  small  bright  spots 
than  Sample  #1. 

When  the  surface  structures  seen  in  regions  2) 
and  3)  in  Fig.  1  were  analysed  by  atomic  force 
microscopy,  they  were  shown  to  consist  of  hillocks  of 
different  sizes  protruding  from  the  Al  surface.  Fig.  2 
shows  a  typical  AFM  image  of  the  hillocks,  the  height 
of  which  varied  from  a  few  nanometres  to  a  few  tens  of 
nanometres. 
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Fig.  2  AFM  images  of  the  Al(Cu)  films  showing  hillocks 
protruding  from  the  film  surface,  (a)  Sample  91,  (b) 
Sample  92.  Note  that  the  scan  range  in  (a)  is  2  times 
larger  than  that  of  (b). 


Both  (he  SEM  and  AFM  images  correlate  very 
well.  The  "grains"  seen  in  SEM  are  actually  'tig" 
hillocks  with  height  varying  from  20nm  -  60nm. 
Whereas  the  small  bright  spots  correspond  to  "small" 
hillocks  of  height  less  than  lOnm. 

The  SEM  and  AFM  results  reveal  that  the 
Al(Cu)  film  surface  in  Sample  #2  is  uniformly  occupied 
by  small  hillocks,  with  a  few  larger  ones  randomly 
scattered.  On  the  other  hand,  only  big  hillocks  are 
generally  visible  in  Sample  #1. 


2.2  TEM/EDX 

In  the  TEM  analysis,  only  Sample  #2  will  be 
discussed  in  detail.  Figs.  3  and  4  show  a  transmission 
electron  microscope  bright  field  image  of  a  region  of  the 
Al(Cu)  thin  films  in  Sample  #2  and  the  associated 
TEM/EDX  results.  The  planar  samples  were  prepared  by 
polishing  the  samples  from  the  baca  side  mechanically 
and  ion  milling  them  to  a  thickness  of  approximately 
0.1pm.  Basically,  the  films  contain  three  types  of 
microstructure: 

1)  A  large  number  of  the  regions  (marked  1  in  Fig.  3) 
appeared  as  dark  contrast  of  about  150nm  -  400nm  in 
diameter,  showing  Al,  Cu  and  Ta  in  the  EDX  results 


(Fig.  4(a))  collected  by  the  TEM.  These  precipitates 
have  the  highest  amount  of  Cu  signals  as  compared  to 
other  areas.  They  maintained  as  dark  contrast  even  at 
other  sample  tilt  angles; 

2)  A  second  group  of  the  regions  (marked  2  in  Fig.  3) 
appeared  as  dark  circular  precipitates  of  about  lOnm  - 
SOnm  in  diameter.  Although  the  contrast  was  found  to 
be  a  function  of  the  sample  tilt  angle,  they  did  not 
disappear  from  the  image  completely.  Again  Al,  Cu  and 
Ta  were  detected  (Figs.  4(b)  and  4(c)).  However  the 
relative  composition  of  Cu  and  Ta  could  vary  even 
though  they  appeared  to  have  the  same  contrast  and 
geometrical  properties  in  the  TEM  image;  and 

3)  The  third  group  (marked  D  in  Fig.  3)  comprised  Ai 
grains  of  about  SOOnm  in  diameter,  showing  very  strong 
Al  signals  and  insignificant  small  amounts  of  Ta  and  Cu 
(Fig.  4(d)).  Similar  to  the  small  dark  regions  seen  in  2), 
the  contrast  of  the  Al  grains  varied  with  the  sample  tilt 
angles.  But  at  certain  tilt  angle,  the  grain  boundaries 
might  disappear  completely,  forming  a  large  Al  crystal. 
Fig.  4(e)  shows  the  background  signals  for  comparison. 

To  ascertain  that  (he  Ta  signals  collected  from 
the  planar  sample  were  not  due  to  the  effect  of  the  Ta  in 
the  underlying  Ta;Al  layer,  TEM  analysis  on  die  cross 
section  of  the  Al(Cu>Ta;Al  structure  was  performed. 
Fig.  5  shows  a  TEM  image  of  the  cross-section  of  the 
resistor  structure.  Results  similar  to  those  in  Fig.  3  were 


Fig.  3  TEM  bright  field  image  of  a  planar 
region  of  the  All  Cu)  film  in  Sam'  le  #2. 
Magnification  =  lOO.OOOx.  Regioi  s 
indicated  by  markers  1  and  2  are  about 
!50nm  ■  400nm  and  lOnm  -  50n  n  respectively. 
These  regions  show  Al.  Cu  and  I  t  signals. 
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Fig.  4  The  EDX  spectra  of  the  different  regions  seen  in 
Fig.  3.  Spectra  (a),  (b)  and  (c)  were  collected  from  the 
locations  marked  A.  B  and  C  in  Fig.  3  respectively. 
Spectra  (d)  and  (e)  correspond  to  location  D  in  Fig.  3 
and  the  background  respectively.  The  main  Al  peak  in 
all  the  spectra  are  not  shown.  All  the  X-ray  peaks  have 
been  scaled  proportionately  to  the  most  intense  peak  in 
Spectrum  (a). 


obtained.  Besides  die  Al-Cu-Ta  phase  found  in  the 
planar  sample,  an  extra  AI-Ta  phase  (Fig.  6(a)),  which 
always  appeared  as  dark  contrast  for  different  sample  tilt 
angles,  was  observed  in  die  Al(Cu)  films.  Precipitates 
showing  Al-Cu-Ta  phase,  similar  to  those  indicated  by 
1  and  2  in  Fig.  3,  were  observed  not  only  in  the  "bulk" 
of  the  thin  film  (arrows  2  and  3  in  Fig.  5  and  Figs.  6(b) 
and  6(c))  but  also  at  places  very  near  to  the  top  surface 
(arrow  4  in  Fig.  3  and  Fig.  6(d)).  All  die  microanalysis 
results  have  good  reproducibility  even  at  other  regions. 


3.  DISCUSSION 

Based  on  the  TEM  analysis,  the  precipitates 


of  size  of  lOnm  -  50nm  are  suspected  to  be  related  to 
die  formation  of  Guinier  Preston  (GP)  zones  before  die 
equilibrium  0  phase  appears  (Refs.  3,4,5).  For  example, 
GP(I)  zones  less  than  lOOnm  normally  occur  at  160  C 
aging  temperature  whereas  GP(Q)  zones  with  size  less 
than  50nm  appear  between  100  C  -  200  C.  Those 
particles  of  size  of  150nm  -  400nm  are  likely  formed 
during  the  0  phase  and  are  commonly  found  along  the 
a-Al  grain  boundary  as  shown  in  Fig.  3.  The 
preliminary  Kikuchi  line  investigation  and  electron 
diffraction  study  of  these  0  precipitates  from  which  Al, 
Cu  and  Ta  were  detected  show  that  their  structure  is 
very  different  from  the  fee  structure  of  die  a-Al. 

Certainly,  the  presence  of  the  precipitates 
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Fig.  5  ( right-hand  side)  TEM  bright  field 
image  of  a  cross-section  of  the  AUCu)  film 
in  Sample  #2.  Magnification  =  42JOOx. 

TEM/EDX  was  performed  at  those  regions  indicated 
by  arrows  I  to  6.  Arrow  7  marks  the  location 
of  the  TajAl  resistor  film. 


Fig.  6  (below)  TEM/EDX  spectra  of  the 
cross-section  of  Sample  #2.  These  results 
have  to  be  studied  together  with  Fig.  5.  Spectra 
(a)  to  (d)  were  the  results  of  the  regions 
marked  by  arrows  I  to  4  in  Fig.  5  respectively. 
Regions  5  and  6  in  Fig.  5  basically  show  Al  signals. 
Also,  the  Al  peak  in  all  the  spectra  are  not 
shown.  All  the  X-ray  peaks  have  been  scaled 
proportionately  to  the  most  intense  peak  in 
Spectrum  (a). 
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related  to  the  GP  zones  is  due  to  the  difference  in  the 
aging  parameters  such  as  die  aging  time  or  temperature. 
In  the  present  study,  it  also  appears  that  the  hillocks 
revealed  by  SEM  and  AFM  are  likely  to  be  Al-Cu  and 
Al-Cu-Ta  precipitates  formed  during  different  transition 
phases.  Preliminary  indications  are  that  the  large  and 
small  hillocks  (precipitates)  on  Samples  #1  and  #2 
surface  are  somewhat  related  to  the  9  phase  and  GP 
zones  respectively. 

From  these  results,  it  is  clear  that  the  Ta  has 
diffused  from  the  underlying  TajAl  resistor  film  into  the 
Al(Cu)  films,  giving  rise  to  die  Al-Cu-Ta  and  Al-Ta 
phases.  The  distribution  of  Ta  in  the  Al(Cu)  films  was 
found  to  be  random.  However,  die  reaction  between  Ta 
and  Al-Cu  and  A1  is  not  clear  yet  Further  work  is 
necessary  to  determine  the  mechanism  of  farming  the 
Al-Cu-Ta  and  Al-Ta  precipitates  in  the  Al(Cu)  films. 


Conclusions 

Al(4%Cu)  films  deposited  on  Ta*Al  resistor 
layer  were  studied.  Al-Ta  and  Al-Cu-Ta  particles  were 
observed  in  the  AJ  films.  In  addition,  hillocks  possibly 
related  to  Guinier  Preston  zones  and  6  precipitates  were 
found  on  the  surface  of  die  films.  Since  the  quality  of 
die  Al(Cu)  film  is  dependent  on  the  precipitating 
"particles",  which  in  turn  depends  on  die  aging  process, 
it  is  important  to  study  the  cause  of  the  existence  of  the 
Al-Cu-Ta  and  Al-Ta  precipitates.  Further  wo*  in  this 
area  will  be  carried  out.  This  piece  of  information  will 
be  very  useful  in  determining  the  optimum  properties  of 
the  alloy. 
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Abstract :  ZnO  low  voltage  varistors  are  of  great  interest  for  the  protection  of  electronics  systems  against  transient 
surge  overvoltage.  In  the  opposite  of  classical  destructive  reliability  tests,  reliability  indicators  allow  the  determination 
of  device  reliability  with  non  destructive  stress  conditions.  Low-frequency  noise  power,  connoted  by  the  conduction 
mechanisms  in  Schottky  barriers  of  grain  boundaries  between  ZnO  grains,  has  been  related  to  the  main  device 
parameters,  i.e.  the  non-linearity  coefficient  and  the  leakage  current.  Measurements  have  been  performed  on  samples  of 
different  technologies,  before  and  after  high  energy  pulse  tests  in  order  to  correlate  excess  noise  and  degradation  of  the 
devices. 


1.  INTRODUCTION 

Varistors  are  electronics  devices  which  resistance 
decreases  strongly  when  increasing  the  applied  voltage. 
Such  a  property  presents  a  great  interest  to  protect 
electronics  systems  against  surge  overvoltages.  Varistor 
effect  is  characterised  by  a  fast  current  density  change 
from  10-7  |g  about  104  A.m*1.  In  this  domain,  I(V) 
dependence  can  be  described  by  the  empirical  equation 
(Ref.l) : 

I  =  (V/Q°  [1] 

where  a  is  called  the  non-linearity  coefficient  and 
is  a  criterium  of  efficiency  of  the  device. 

Several  theories  have  been  developped  to  explain 
conduction  mechanisms  and  model  ZnO  varistors 
behaviour.  They  point  out  the  fundamental  role  of  a 
microstucture  constituted  of  several  semiconductor 
grains  and  intergranular  insulating  boundaries.  The 
main  non-linearity  effect  is  attributed  to  the  boundaries 
where  threshold  voltage  is  about  3  V.  In  the 
application  we  are  involved,  low  threshold  voltage 
values  must  be  achieved  (less  than  20  V),  so  dm  thin 
ZnO  layers  are  required  (20  or  30  pm  for  a  mean  grain 
size  of  3  to  4  pm).  Screen-printing  thechnology  fits 
well  this  requirement  and  presents  many  advantages : 

-  The  desired  threshold  voltage  is  controlled  by  the 
layer  thickness. 

-  Several  protection  elements  can  be  deposited  on  a 
single  substrate,  allowing  an  individual  protection  of 
several  I/O  (like  connectors). 

-  Hybrid  components,  with  various  electronics 
functions,  as  well  as  discrete  components  can  be 
implemented. 

Usual  methods  to  determine  varistors  reliability 
consist  in  statistical  destructive  tests  under  rated  single 
pulses  of  high  energy  (lightening  waves,  0. 1x6.4  ps, 
8x20  ps...)  defined  by  their  shape  and  duration  (Ref.2) 


and  representative  of  risks  in  operating  conditions.  An 
alternative  solution  is  the  use  of  reliability  indicators, 
such  as  C(V)  characterization  as  a  function  of  the 
frequency,  which  should  be  measured  under  lower  stress 
conditions. 

Electrical  properties  related  to  quality  and  reliability 
of  low-voltage  varistors  have  been  investigated  here  on 
the  basis  of  excess  low-frequency  noise  measurements. 
Related  to  the  conduction  mechanisms  in  Schottky 
barriers  between  ZnO  grains,  the  spectral  intensity  of 
current  noise  is  found  to  be  linked  to  the  principal 
parameter  of  quality  of  a  nonlinear  clamping  device : 
the  non-linearity  coefficient  a. 


2.  TEST  SAMPLES 

Most  of  measurements  have  been  performed  on 
new  technology  varistors,  built  at  IXL  Laboratory, 
consisting  in  thick  ZnO  screen-printed  layers  on  an 
alumina  substrate,  with  small  addition  of  other  metals. 
Varistor  ink  is  composed  of  ZnO  powder,  organic 
binder  and  a  few  percents  of  doping  impurities 
(C0CO3,  &2O3,  Bij03,  MnC03.  Sb203).  A 
Platinium  common  electrode  is  first  deposited  and 
annealed  at  a  temperature  of  950°C.  Varistor  ink  is  then 
printed  in  successive  layers,  dryed  during  15  min  at 
120°C  (Figure  1). 


Screen-printed  layers 

V*(V) 

1 

3-10 

2 

10-20 

3 

20-35 

Figure  1 :  Threshold  voltage  vj  number  of 
screen-printed  ZnO  layers 


A  mechanical  pressure  (either  uniaxial  or  isostatic, 
with  a  maximum  of  6.2x1 08  Pa)  is  included  in  the 
fabrication  process  to  control  the  clamping  voltage  by 
densifying  the  screen-printed  films  without  the  use  of 
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inorganic  binder.  Before  the  deposition  of  six  Silver 
electrodes,  samples  are  put  in  an  oven  at  1150°C  during 
IS  min  under  controlled  atmosphere.  Two  final 
annealing  processes  (850°C  and  650®C)  stabilise  the 
active  materials  (Ref.3).  Test  vehicles  are  encapsulated 
in  a  7-pins  SIL  package  as  shown  in  figure  2. 


top  electrodes. 


ZnO  layers^ 

Common 

electrode 

.Alumina 

substrate 


'Pin s 

Figure  2 : 7  pins  SIL  Test  stucture 


Figure  4 :  Leakage  current  of  a  screen-printed  varistor 
compared  to  a  ceramic  one,  vs  temperature 
(V  *  5.5  V) 


32  Frequency  response 


Commercial  ceramic  varistors  from  Harris  (bulk), 
Draloric  (bulk),  AVX  (multilayer),  in  the  same  range  of 
threshold  voltage  (18-25  V)  have  been  compared  to  our 
samples  (Ref.4)  on  the  basis  of  their  electrical  and 
noise  properties. 


3.  ELECTRICAL  CHARACTERISATION 


Varistor  impedance  can  be  modelled  at  low 
frequencies  (below  a  few  10  kHz)  by  an  equivalent 
parallel  RC  circuit  where  R  and  C  depend  on  frequency 
(Ref.5).  This  impedance  is  measured  in  our  case  to 
correct  the  inherent  filtering  effect  when  studying 
background  current  noise  between  10  Hz  and  10  kHz, 
by  introducing  this  equivalent  circuit  in  the  calculation 
of  noise  measurement  set-up  frequency  response.  A 
typical  result  is  presented  on  Figures  5a  and  5b. 


3.1  im  characteristics 


l(V)  characteristics  of  a  ZnO  varistor  can  generally 
be  divided  in  three  or  four  zones  according  to  the  range 
of  voltage  applied  to  the  devices  (Figure  3). 


Figure  3  :  Wide  range  current  I(V)  characteristics  of  a 
screen-printed  varistor 


A  peculiar  attention  must  be  paid  to  the  region  1 
(ohmic  region)  where  the  leakage  current  reflects 
microstructure  quality  (Figure  4),  and  the  region  HI 
where  the  non-linearity  coefficient  a  modelling  the  I(V) 
dependence  [1]  describes  the  efficiency  of  the  protective 
element 


0.1  1  10  100 
Frequency  (kHz) 


Figures  5  :  Equivalent  circuit  parameters  for  frequency 
response,  w  frequency  and  bias  conditions 
Figure  5.a :  Equivalent  parallel  capacitance 
Figure  5.b :  Equivalent  parallel  resistance 
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A  strong  dependence  on  bias  condition  is  observed, 
for  dynamical  resistance  R  of  course,  but  also  for 
parallel  capacitance  C. 


3  3  Conduction  met 

in  varistors  (Rcf.6) 


Conduction  mechanisms  in  complex  structures  like 
ZnO  varistors  is  identified  as  a  conduction  of  Schottky 
type  through  the  barriers  of  thin  amorphous  zone 
between  the  ZnO  grains.  It  can  be  defined  an  equivalent 
number  of  junctions  in  series :  in  our  case  of  low 
voltage  drop,  the  mean  number  of  ZnO  grams  is  about 
eight  Considered  as  a  junction  noise,  current  noise 
spectral  intensity  has  been  modelled  in  the  ohmic 
region  (Ref.7)  according  to  the  empirical  Hooge 
relation : 


Si  .  K  RqCq  1  U 

X2  AeffNd  f  f 


[2] 


where  Ro  et  Co  are  the  equivalent  parameters  of  the 
ohmic  region  in  the  frequency  range,  A«ff  is  the 
equivalent  conduction  section,  Nj  is  the  donors  number 
in  doped  ZnO,  K  is  a  factor  including  microscopic 
electrical  parameters. 

Under  higher  currents  (10'4.  10‘3  A),  i.e.  in 
region  II  and  at  the  beginning  of  region  III,  excess 
current  noise  spectra  exhibit  one  or  more  cut-off 
frequencies  which  depend  on  the  bias  conditions 
(Figure  6). 


Frequency  (Hz) 


Figure  6 :  Noise  spectra  vs  bias  current 
(from  0.4  to  10  mA,  T  -  300  K) 

Noise  slope  is  about  0.5  below  the  knee,  nearly 
pure  1/f  noise  is  found  for  higher  frequencies. 
Furthermore,  quadratic  dependence  on  current  is  not 
verified  for  current  corresponding  to  the  most  non-linear 
region,  around  threshold  voltage,  where  Sj(f)  is  rather 
proportional  to  I  (Figure  7).  A  correlation  has  been 
found  between  the  non-linearity  coefficient  and  the 


normalised  excess  noise  level  U  (evaluated  before  or 
after  the  cut-off  frequency) :  the  higher  the 
non-linearity  coefficient,  the  lower  the  noise  level 
(Figure  8). 


_  .16 


Cunrent(A) 


Figure  7 :  Dependence  of  noise  level  on  bias  current 
(at  f  =  20  Hz  and  f  »  1000  Hz) 


non-linearity  coefficient 


Figure  8 :  Normalized  noise  level  (K) 
for  6  screen-printed  varistors  at  two  bias  currents 
vs  non-linearity  coefficient 

Noise  measurements  performed  on  varistors  of 
other  technologies  (bulk,  multilayers)  showed  that  both 
noise  level  and  spectrum  shape  (number  of  cut-off 
frequencies,  slopes...)  cannot  be  compared  from  one 
sample  to  another.  But  the  relationship  between  low- 
frequency  noise  level  (below  100  Hz)  and  the  non¬ 
linearity  coefficient  does  not  significantly  vary. 


4.  VARISTORS  DEGRADATION 
4.1  Bum-in  tests 

Screen-printed  varistors  have  been  submitted  to 
standard  burn-in  pulses,  described  by  their  duration, 
maximal  ratings  (voltage/current).  The  calibrated 
0.1  p«6.4  ps  lightening  wave,  representative  of  short 
overload  risks  for  electronics  and  power  systems 
(Ref.  8-9)  has  been  applied  5  times  to  the  samples 
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(S  varistors  in  a  SIL  package,  sample  n°S  is  kept  for 
reference),  with  a  period  of  one  minute  between  pulses. 

A  typical  response  for  pulse  current  and  clamped 
voltage  of  die  varistor  is  presented  on  figure  9. 


Figure  9  :  I(t)  and  V(t)  response  to  0.1  ps/6.4  ps 
lightening  waveform 


4.2  Damage  characterisation 

Failures  or  degradation  have  been  characterised. 
Damaged  samples  have  to  be  divided  in  two  groups  : 
the  first  one  includes  totally  failed  varistors  (n°l,  4,  6) 
which  present  open-circuit  An  optical  observation 
shows  a  partial  destruction  of  the  upper  or  lower 
electrode  of  the  device  due  to  a  high  current  spot 

The  other  varistors  (n°  2  and  3)  do  not  present  kHal 
failure,  but  degradation  of  their  electrical  parameters 
(Ref.  10-1 V)  arc  measured  :  increase  of  the  leakage 
current  (x  103),  decrease  of  the  nonlinearity 
coefficient  a  (Figure  10). 


parameter 

threshold 

voltage 

non-linearity 

coefficient 

sample  n° 

2 

3 

2 

3 

before  lest 

17 

17.4 

14.4 

16.8 

after  test 

17.1 

17.6 

12 

12.5 

Figure  1 1 :  Comparison  of  electrical  parameters 
before  and  after  testing 


4.3  Noise  measuremems  after  burn-in  test 

Noise  measurements  performed  on  the  damaged 
samples  reflect  (he  degradation  of  a  (Figure  12). 

A  variation  of  -25%  for  a  of  sample  p°3  results  in 
an  increase  of  a  decade  and  half  in  noise  ;  for  sample 
n°2,  noise  increase  is  about  half  a  decade  for  a  change  of 
- 16%  for  the  non-linearity  coefficient. 


Figure  12 :  Noise  sptxua  before  and  after  lest 
(samples  n°2  and  3,  I  =  3  mA) 


Figure  10 :1(V)  characteristics  of  a  varistor 
before  and  after  burn-in  test  (sample  n°3) 

On  the  other  hand,  threshold  voltage  presents  a 
rather  low  variation  of  less  than  -t-1.5%.  Electrical 
parameters  are  reported  on  figure  1 1  for  both  unfaiied 
samples. 


Figure  13 :  Normalized  noise  level  (U) 
vs  non-linearity  coefficient 
(before  and  after  burn-in  test,  1  =  3  mA) 

If  we  superimpose  noise  data :  normalised  noise  U 
vs  non-linearity  coefficient  a,  to  the  previous  data 
(Figure  8),  we  notice  that  the  points  after  test  are 
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located  according  to  the  same  trend  (Figure  13).  So,  we 
cm  suppose  that  the  variation  of  noise  is  strongly 
corre„."’d  to  the  variation  of  a ,  i.e.  to  the 
micromechau.j.~c  of  conduction  in  the  varistor,  either 
at  the  electrode  contact  (where  failures  occur  for  most  of 
samples),  either  in  the  bulk  (grains  of  ZnO). 


S.  CONCLUSION 

The  most  important  characteristics  of  a  ZnO 
varistor  is  its  non-linearity  coefficient  which  can  be 
measured  only  in  the  breakdown  region,  that  means 
under  rather  high  currents.  However,  al.'  ough  such 
devices  are  able  to  sia'id  high  energy  in  surge 
conditions,  during  very  short  duration,  the  small 
volume  of  screen-prin  ed  varistors  does  not  allow  a 
high  mean  power  dissipation.  An  indicator  of  the  value 
of  a  (as  excess  noise)  which  is  significant  at  very  low 
current,  i.e.  without  destructive  Joule  heating,  can  be 
used  to  characterise  devices  quality.  Excess  noise 
measurement  include  indeed  both  noise  sources 
behaviour  (microstructural  effects)  and  macroscopic 
evolution  of  the  component  (frequency  response  of  the 
varistance,  equivalent  resistance  and  capacitance).  The 
electronics  functionality  of  the  ZnO  varistor  should  be 
evaluated  when  taking  into  account  the  noise  level  and 
hence  the  consequences  on  the  reliability. 
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1.  INTRODUCTION 

Methods  of  scanning  electron 
(SEM)  and  optical  (SOM)  micros¬ 
copy  are  very  promising  for  the 
nondestructive  reconstruction 
of  three-dimensional  internal 
structure  of  objects  under  in¬ 
vestigation  with  spatial  reso¬ 
lution  in  micron  and  submicron 
range.  Such  possibility  is  of 
great  importance  for  semicon¬ 
ductor  structure  inspection, 
for  the  characterization  of 
technology  processes  and  for 
failure  analysis.  The  investi¬ 
gations  carried  out  during  last 
years  allow  to  develop  the 
background  for  computer  elect¬ 
ron-beam  and  laser  tomography. 
Some  special  methods  of  "appa¬ 
ratus"  tomography  in  which  the 
reconstruction  of  physical  pro¬ 
perties  distribution  or  of  in¬ 
ternal  structure  of  the  object 
under  study  was  achieved  by  me¬ 
ans  of  specially  designed  setup 
were  proposed.  In  the  present 
paper  the  possibility  of  elect¬ 
ron-beam  and  optical  tomography 
have  been  discussed. 

2.  SOM  TECHNIQUES 

The  setup  for  the  transmitted, 
scattered  and  polarized  scan¬ 
ning  infrared  microscopy  desig¬ 
ned  in  the  Institute  of  Microe¬ 
lectronics  Technology  has  been 
described  (Ref.l).  The  reflec¬ 
ted  or  scattered  radiation  is 
collected  by  the  elliptic  mir¬ 
ror  optics.  Such  confocal  mode 
of  IR  tomography  allows  to  ac¬ 
hieve  resolution  about  1  micron 
The  detection  of  Rayley  and 
small-angle  scattering  allows 
to  reconstruct  the  spatial 
distribution  of  microprecipita¬ 
tes.  IR  images  in  the  transmis¬ 
sion  mode  gives  an  information 


about  the  nonhomogeneities  in 
dopant  distribution,  nonhomoge- 
neous  distribution  of  thermal 
properties  and  metallization 
topology. 


3.  SEM  TECHNIQUES 


mode 


Electron-beam  tomography  in  the 
backscattering  electron  (BSE) 
mode  is  very  promising  for  the 
inspection  of  multilayer  struc¬ 
tures  (Ref.  2).  It  has  been 
shown  that  the  measurements  of 
(BSE)  coefficient  dependence  on 
electron  beam  energy  or  of  BSE 
energy  spectrum  allow  to  obtain 
thicknesses  in  the  range  from 
0.1  to  some  microns.  Compact 
high-resolving  energy  filtrati¬ 
on  of  BSE  and  separate  the  sig¬ 
nals  formed  in  subsurface  la¬ 
yers  at  different  depth  with 
submicron  resolution. 


This  new  in-situ  differential 
technique  allows  (Ref.  3)  : 

-  to  map  diffusion  length  and 
depletion  region  width  two-di¬ 
mensional  distributions  simul¬ 
taneously, 

-  to  reconstruct  the  diffusion 
length  profile  with  spatial  re¬ 
solution  in  depth  better  then 
0.1  micron, 

-  to  reconstruct  the  dopant 
distribution  with  depth  resolu¬ 
tion  compared  with  that  of  the 
C-V  method  and  lateral  resolu¬ 
tion  about  1  micron, 

-  to  measure  diffusion  length 
profile  in  thin  layers  with 
thickness  smaller  than  diffusi¬ 
on  length. 


3.3.  CL  with  energy  and _ intea- 

si  tv  modulation 

This  modulation  cathodolumines- 
cence  technique  has  submicron 
depth  resolution  and  allows 
(Ref.  4)  : 

-  to  separate  the  spectra  from 
any  layer  of  two-  or  three- layer 
structure , 

-  to  measure  the  layer  thick¬ 
nesses  in  such  structures, 

-  to  reconstruct  the  radiative 
recombination  center  depth 
distribution. 

3.4.  Induced  surface  EMF 

This  technique  bases  on  con¬ 
tactless  measurements  (Ref.  5) 
of  the  electric  potential  indu¬ 
ced  by  the  focused  electon  beam 
and  allows  to  reveal  the  inho¬ 
mogeneities  in  doping  level, 
recombination  rate  and  so  on 
without  contact  or  other  speci¬ 
al  sample  preparation. 

4.  MULTI-FUNCTIONAL  SCAN¬ 
NING  PROBE 

Scanning  probe  with  dimensions 
in  the  micrometer  range  with 
metallic  needle  or  some  micro¬ 
sensor,  e.g.  thermocouple,  has 
been  designed  (Ref.  6).  This 
probe  allows  to  map  the  sprea¬ 
ding  resistance ,  topographic 
and  potential  relief,  to  study 
the  distribution  of  temperature 
fields,  doping  level,  lifetime, 
dielectric  constant,  surface 
charge  and  so  on.  The  results 
demonstrating  the  possibilities 
of  the  techniques  for  the  semi¬ 
conductor  structure  characteri¬ 
zation  an  failure  analysis  are 
presented. 
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ABSTRACT 


To  support  ASIC  validation,  debug  and  failure  analysis, 
a  characterization  structure  called  MICROMOS  was 
developed  to  be  integrated  on  ASIC  at  the  design 
stage.  MICROMOS  with  use  of  SPICE  modelling 
parameter  extraction  allows  to  extract  SPICE 
parameter  values  at  the  die  level  by  probing  electrical 
characteristics  of  characterization  patterns.  These 
SPICE  parameter  values  being  correlated  to  the 
process  control  of  the  run  and  to  the  die  position  on  the 
wafer,  comparison  with  the  SPICE  parameter 
specification  of  the  manufacturer,  on  different  circuits 
and  different  runs,  allows  to  perform  process 
parametric  conformity  analysis  of  the  circuits 
evaluating  position  and  spread  of  the  process  versus 
functional  and  parametric  margins  of  the  circuit. 

MICROMOS  and  SPICE  parameter  extraction 
procedures  has  been  developed  and  validated  on  a  test 
vehicle  with  a  1.2  pm  process.  They  are  already  used  in 
MATRA  DEFENSE'S  ASIC  designs  to  built-in  analysis. 
In  the  same  way,  the  French  national  space  agency 
CNES  uses  MICROMOS  in  ASIC  for  research  and 
development  activities  and  plans  to  extend  use  of 
MICROMOS  in  operational  circuits. 

Future  works  will  complete  this  approach  by 
developing  electrical  failure  simulation  of  the  ASIC  or  a 
part  of  ASIC  (the  faulty  localised  structure),  with  use  of 
extracted  SPICE  parameter  values. 


1  This  work  was  supported  by  the  French  National  Space 
Agency  CNES  under  contract  846/CNES/92/1778/00. 


INTRODUCTION 


Without  considering  intrinsic  failure  mechanisms, 
CMOS  ASIC  performance  and  "a  fortiori”  CMOS  ASIC 
failure  are  dependent  on  design  specification 
conformity,  fab  defect  density  and  process 
specification  conformity.  For  an  ASIC  designer  and 
user,  well  controlled  techniques  exist  like  automatic 
testing,  electron  beam  testing  and  physical  analysis  to 
validate  design  specification  conformity  and  fab  defect 
density,  but  Finally  no  single  one  can  be  used  to 
validate  process  specification  conformity,  or  to 
diagnose  failure  when  no  hard  defect  is  visible  on  the 
die  but  where  process  drift  or  critical  design  is  the 
cause  [1]. 

It  can  be  achieved  by  allowing  SPICE  parameters 
extraction  on  each  circuit,  from  prototype  to  circuit 
utilisation,  then  by  performing  conformity  analysis  of 
the  "real  SPICE  data  base"  with  the  SPICE  parameters 
specification  of  the  manufacturer  to  diagnose  process 
parametric  conformity  defect. 

To  reach  this  goal,  a  test  structure  called  MICROMOS 
and  a  SPICE  2C.6  level  3  parameters  extraction- 
optimisation  procedure  was  developed,  based  on 
UTMOST  III  transistor  modelling  software.  The 
mission  of  MICROMOS  is  to  be  integrated  in 
MATRA'S  CMOS  ASIC  designs  to  be  the  memory  of 
the  wafer  process,  tead  at  any  time  of  the  circuit  life,  for 
failure  analysis,  for  process  validation  at  the  prototype 
level  and  for  process  quality  indicator  at  the  production 
level  through  SPICE  parameter  specification 
conformity  analysis. 


SPICE  PARAMETER  SPECIFICATION 
CONFORMITY 


SPICE  parameter  specification  of  a  manufacturer 
defines  the  typical  and  worst  case  values  for  SPICE 
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parameters  which  are  representative  of  the  process 
variation  limits  [2).  These  typical  and  worst  case  values 
are  related  to  typical  and  worst  case  timing 
characteristics  of  transistors  in  terms  of  switching  time. 
In  fact,  a  SPICE  parameters  specification  is  made  of 
four  databases  representative  of  the  limits  of  the 
process  variation,  in  term  of  transistor  switching 
performance  (tab  1). 


NMOS 

PMOS 

SPECIFICATION 

FAST 

FAST 

FF 

FAST 

SLOW 

FS 

SLOW 

FAST 

SF 

SLOW 

SLOW 

SS 

Tab.l  :  SPICE  parameter  specification 


To  extract  PMOS  and  NMOS  SPICE  parameters  values 
on  a  circuit,  is  to  be  able  to  measure  process  position 
between  the  process  variation  limits  (fig.  1)  and  so  to 
evaluate  process  specification  conformity  on  a  circuit. 


SF 


SS 


FF 


,  MM 
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Fig.l  :  Process  Position.  MM  (Measured-Measured) 


MICROMOS  DESCRIPTION 


The  study  has  identified  an  optimum  of  22  SPICE 
parameters  in  a  specification  to  provide  accurate  DC 
and  transient  analysis  with  SPICE  electrical  simulation 
(3).  A  characterization  structure,  MICROMOS,  has 
been  specified  to  measure  the  value  of  these 
parameters  using  MOS  transistor  modelling 
parameters  extraction.  MICROMOS  was  designed  with 
a  minimum  area  in  order  to  be  integrated  in  any 
CMOS  ASIC  design,  and  to  be  probed  at  the  die  level. 
It  is  divided  in  two  parts  to  provide  extraction  of  PMOS 
parameters  and  NMOS  parameters,  these  two  parts 
MICROMOSN,  and  MICROMOSP  having  the  same 
geometry  but  different  substrate  polarity.  Here,  a 
MICROMOS  (N)  description  is  presented  for  a  1 .2  pm 
process  (fig.  2). 


Fig.2  :  MICROMOS  (N)  lay-out 


MICROMOS(N)  is  made  of  five  patterns  which  allow  to 
extract  the  22  SPICE  parameters  : 

-  CAPAMOS  is  a  MOS  thin  oxide  capacitance  pattern 
wich  allows  to  extract  TOX  (and  other  parameters  like 
flat  band  voltage  vfb,  flat  band  capacitance  cfb,...)  with 
C(V)  measurements.  Its  dimension  is  (200  x  100)  pm2. 

-  CAPA  is  a  two  junctions  pattern.  One  junction  bottom 
capacitance  which  allows  to  extract  CJ,  MJ,  PB,  FC  with 
C(V)  measurements.  Its  dimension  is  (200  x  120)  pm2. 
And  one  junction  sidewall  capacitance  which  allows  to 
extract  CJSW,  MJSW  with  C(V)  measurements.  Its 
dimension  is  (1500  x  15)  pm2. 

-  OVER  is  a  MOS  thin  oxide  capacitance  pattern  wich 
allows  to  extract  CGBO  (with  C(V)  measurements.  Its 
dimension  is  (160  x  1.2)  pm2. 

-  TRANSLAP  is  a  MOS  transistor  pattern  which  allows 
to  extract  CGSO,  CGDO  with  C(V)  measurements.  Its 
dimension  is  W  =  90  pm,  L  =  1.2  pm. 
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-  TRANS  is  a  MOS  transistor  matrix  pattern  with  six 
transistors  which  have  different  geometries.  They  allow 
to  extract  VTO,  NSUB,  UO,  Rs,  Rd,  LD,  THETA.  WD, 
DELTA,  ETA,  VMAX,  NFS  with  1(V)  measurements 
depending  on  the  different  geometries  (tab.  2). 


50/50 

50/20 

50/1,2 

3/50 

3/20 

3/U 

Tab.2  :  transistor  dimensions  in  pm  (W/L) 


One  advantage  to  design  the  six  transistors  in  a  matrix 
is  to  reduce  the  pad  quantity  from  18  pads  for 
elementary  transistors  to  8  pads. 

The  patterns  of  M1CROMOS  are  connected  to  probing 
pads  with  small  dimensions  (50  x  50)  pm2  to  minimize 
occupied  surface.  All  the  patterns  make  a 
MICROMOS  total  area  of  0.385  mm2  for  a  1.2  pm 
process.  It  is  negligible,  considering  MATRA 
DEFENSE'S  ASIC  which  are  essentially  pad  limited 
with  an  average  area  of  about  1  cm2.  Moreover,  the  test 
structure  pads  can  be  reduced  to  (15  x  15)  pm2  without 
problems  for  probing. 


SPICE  PARAMETER  EXTRACTION  - 
OPTIMIZATION  PROCEDURES 


To  extract  SPICE  parameters  from  MICROMOS 
implanted  in  a  circuit,  extraction-optimization 
procedures  were  develioped  on  the  basis  of  a  testing 
bench  based  on  UTMOST  III  transistor  modelling 
software  (4],  a  probing  station,  a  C (V)  analyser  and  a 
I(V)  parameter  analyser  (fig.  3). 


Fig  3  :  test  bench 


The  procedures  were  developed  in  order  to  keep  a 
physical  meaning  of  the  measured  parameters  while 
allowing  accurate  electrical  simulation  of  the 
transistors'  characteristics  (5). 

The  extraction  routines  of  the  UTMOST  III  software 
are  based  on  the  decomposition  property  of  the  SPICE 
2C.6  Level  3  model  for  particular  geometrical  and  bias 
effects  (6).  Each  of  these  routines  needs  a  specific 
pattern  and  particular  bias  conditions  to  measure 
appropriate  electrical  characteristics  on  which  a 
simplification  of  the  SPICE  Model  can  be  applied.  So 
using  this  simplified  model,  a  parameter  or  a  set  of 
parameters  representative  of  the  geometrical  or  bias 
effect  can  be  extracted  (fig.4). 


-:as  t  u*  i 


-1.00  0  oo  1  oo  t.oo  s.oo  -.00 

-vos  I  v  ) 

Fig.4  :  NSUB,  VTO  parameter  extraction 


The  developed  extraction  procedure  defines  the 
measurement  process  using  these  routines,  and  for 
each  routine,  it  defines  the  optimal  bias  conditions  to 
extract  parameters  from  adequate  electrical 
characteristics  and  patterns.  The  application  of  the 
extraction  procedure  results  is  a  set  of  initial  values  for 
the  22  parameters,  providing  a  first  accurate  simulation 
of  the  transistors'  characteristics. 

Optimization  procedure  development  is  based  on  a 
SPICE  parameters  influence  analysis  for  each  electrical 
characteristic.  It  was  performed  with  SPICE  model 
analysis  and  electrical  simulations  in  order  to  define  for 
each  characteristic  and  each  geometry,  the 
parameters'  influence  and  so,  the  best  set  of 
parameters  to  optimize.  The  result  is  a  parameters' 
optimization  procedure;  using  optimization  software  of 
UTMOST  III  {4J,  which  allows  to  minimize  errors 
between  measured  characteristics  of  the  different 
geometries  of  transistors,  and  the  simulated 
characteristics  (fig.5). 
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VOS 


•*.00  0.00  0.00  0.00  0.00 
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Fig.  5 :  Optimisation  result  on  50/1.2  transistor 


Finally,  extraction-optimization  procedures  applied  on 
M1CROMOS,  allow  to  access  SPICE  parameter  values 
representative  of  the  process  position  (tab.  3)  for  the 
circuit  under  test. 


This  real  SPICE  database  provides  accurate  electrical 
simulation  for  the  different  geometries  with  an  average 
root  mean  square  error  between  measured  and 
simulated  characteristics  of  about  6  %  (fig.6). 
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0.1026 

Cl  (F/m2) 

9.WE-05 

PB  <v) 

0.886 

Mj 

0.51 

FC 

0.5 

qsw  (F/m) 

6.70E-10 

MJSW 

0.454 

CCSO  (F/m) 

2.00E-09 

CGDO  (F/m) 

1.95E-09 

CG BO  (F/m) 

4.10E-07 

TOX  (m) 

2.73E-08 

RS,RD  <fl) 

29.4 

VTO  (v) 

0.9594 

NSUB  (cm'3) 

1.86+16 

UO  (an2/v  j) 

197.51 

THETA  (V1) 

0.0999 

LD(m) 

1.27E-07 

XJ(m) 

3.50E-08 

VVD(m) 

1-5E-07 

DELTA 

03683 

VMAX  (m/s) 

236E  +  05 

NR  (an’2) 

43E  +  I1 

Tab.  3 :  PMOS  SPICE  parameter  values  (1.2  pm 
process) 


Fig.6  :  Electrical  Simulation  with  measured  SPICE 
parameters 

-  simulated  characteristics 
measured  characteristics 
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APPLICATION  ON  THE  ASIC  LIFE 
CYCLE 


To  give  the  most  confidence  in  MICROMOS 
integration  and  the  ASIC  manufacturing,  discussion 
with  the  manufacturer  has  to  begin  at  the  earliest  stage 
of  the  ASIC  project  to  present  the  mission  of 
MICROMOS  and  to  define  the  best  way  for  the  two 
patties  to  benefit  from  the  results. 

MICROMOS  is  designed  in  accordance  with  the 
manufacturer  design  rules,  and  it  is  validated  before 
integration  in  the  ASIC  design  by  performing  design 
rules  checks  (DRC).  As  MICROMOS  is  not  an  active 
cell,  it  is  completely  independent  of  the  ASIC 
functionality  and  structure.  So  integration  of 
MICROMOS  at  the  ASIC  design  stage  will  be 
performed  before  the  last  verifications  (DRC,  ERC)  of 
the  ASIC  design,  considering  that  a  free  area  has  been 
provided  for. 

After  ASIC  manufacturing,  MICROMOS  and  SPICE 
parameter  extraction  procedures  are  used  as  a  tool  for 
prototype  performance  assessment  using  process 
specification  conformity  validation,  for  incoming 
quality  control  in  the  production  phase  using  process 
quality  indicators,  and  for  failure  analysis  to  identify 
process  specification  conformity  defects  as  a  possible 
cause  for  failure  of  the  circuit. 

Prototype  performance  assessment  is  achieved 
through  ASIC  design  margins  validation.  This 
validation  is  performed  with  two  complementary  tasks : 

-  performance  margin  characterization  at  circuit  level 
and  margin  validation  versus  the  simulated 
functional  and  parametric  characteristics  (data 
sheet) 

-  process  specification  conformity  validation. 

These  two  tasks  must  give  confidence  in  ASIC 
performance  capability,  considering  the  process  will 
stay  under  control. 

For  a  manufacturing  process  identified  as  critical  in 
terms  of  maturity,  incoming  quality  control  is  achieved 
during  ASIC  production  phase  monitoring  on  samples 
some  SPICE  parameters  representative  of  the  process, 
they  are  the  process  quality  indicators  (TOX,  VTO,...).  It 
gives  confidence  in  process  variability  and  it  allows  to 
identify  process  drift  before  ASIC  performance 
characteristics  get  out  of  the  data  sheet. 

Failure  analysis  can  be  performed  over  all  the  ASIC  life 
cycle  to  identify  a  process  specification  conformity 
defect  when  it  is  the  cause  of  a  functional  or  parametric 
failure  of  a  circuit.  The  nature  of  the  parameter,  or  set 
of  parameters,  out  of  specification  gives  major 
information  to  identify  process  steps  where  potential 
drift  occured. 
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Future  work  will  complete  this  approach  developing 
electrical  failure  simulation  of  ASIC  or  a  part  of  ASIC 
(the  faulty  localised  structure),  with  use  of  extracted 
SPICE  parameter  values.  Another  field  investigated  is 
to  use  process  specification  conformity  to  support 
library's  cells  validation  [7], 


CONCLUSION 


A  characterization  structure  called  MICROMOS  has 
been  developed  for  ASIC  performance  assessment  and 
failure  analysis  using  SPICE  modelling  parameter 
extraction  to  provide  measurement  of  the  "real  SPICE 
parameters  database”  of  a  circuit.  It  is  achieve  with 
integration  of  MICROMOS  at  the  ASIC  design  stage, 
then  by  the  application  of  extraction-optimization 
procedures  on  the  manufactured  circuit.  The  extracted 
SPICE  parameters  database  is  used  to  evaluate  process 
specification  conformity  as  a  first  input  for  ASIC  design 
margin  validation,  for  in-coming  process  quality 
indicators,  and  for  failure  analysis. 


As  a  result  of  this  study,  CNES  is  using  MICROMOS  for 
ASIC  in  research  and  development  activities  and  plans 
to  extend  its  use  to  operational  circuits. 

For  MATRA  DEFENSE,  MICROMOS  is  used  to 
support  validation  of  the  operational  ASIC  prototype, 
and  for  failure  analysis.  The  first  ASIC  integrating 
MICROMOS  was  a  25,000  gates  in  0.8  pm  CMOS 
technology.  The  next  step  is  to  implement  process 
quality  indicators  for  the  production  phase,  and  to 
develop  electrical  failure  simulation  concepts. 
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Abstract:  A  method  is  described  that  provides  a  good  quality  process  evaluation  of  a  bipolar  transistor  by  the 
measurement  of  its  trap  energy  level  in  the  base  and  its  surface  slate  density.  It  is  performed  by  focusing  on  the 
experimental  Gum  me!  plots  and  current  gain  of  a  bipolar  transistor  compared  to  computed  data  from  the  physical  device 
simulator  DAVINCI.  A  test  vehicle  has  been  designed  with  the  SUBILO  N  technological  process  from  PHILIPS  with 
LOCOS  isolation  technique.  A  BICMOS  technological  process  from  THOMSON  with  a  P*  wall  isolation  technique 
has  also  been  tested. 


I.  INTRODUCTION 

The  measurement  of  the  trap  energy  level  and 
of  the  surface  state  density  is  necessary  to  evaluate  the 
technological  process  quality  when  fabricating  bipolar 
transistors.  In  a  classical  way,  the  Pap  energy  level  may 
be  characterised  by  the  following  method:  low  frequency 
generation-recombination  excess  noise  spectroscopy, 
mutual  conductance  gM -frequency  dispersion 
spectroscopy,  low  frequency  oscillations  and 
conductance-deep  level  transient  spectroscopy  (C-DLTS) 
(rcf.l).  Trap  energy  levels  (Etrap)  appear  when 
impurities  are  introduced  into  the  base  of  the  device. 
Surface  state  densities  (Nsl)  are  generated  during  the 
oxydation  steps.  Assuming  the  fact  that  the  SRH 
recombination  process  modeled  by  formula  (1)  is  a 
performant  way  to  illustrate  the  influence  of  these 
parameters  (Etrap,  Nst),  then  we  can  propose  a  new 
method  for  their  evaluation  which  combines  the  use  of  a 
three  dimensional  physical  simulator  such  as  DAVINCI, 
with  the  use  of  a  classical  measurement  equipment  The 
main  problem  is  to  choose  the  experiments  which 
highlight  these  parameters  effects.  Then,  fitting 
experimental  and  simulated  curves  by  the  use  of  standard 
optimisation  techniques  will  lead  to  correct  values  of  the 
SRH  model  parameters.  In  order  to  reach  this  aim,  a 
study  of  the  SRH  model  parameters  contribution  to  the 
Gummel  plots  and  current  gain  is  necessary. 


2.  CONTRIBUTION  OF  THE  SRH  MODEL 
PARAMETERS  TO  THE  GUMMEL  PLOTS 

The  SRH  recombination  process  is  described  by 
the  well  known  formula  reported  by  the  authors[ref.2). 


^SRlT" 


np-nf 


n+n,e 


Ei-Et 

kT 


kU“) 


(1) 


where  n  (  /p)  is  the  electron  (/  hole)  carrier  density,  nj  is 
the  intrinsic  density,  El  is  the  trap  energy  level.  Ei  is 
the  intrinsic  energy  level,  tn  and  Xp  are  the  minority 
carriers  lifetimes  for  electrons  and  holes.  Inside  the 
volume  these  lifetimes  depend  essentially  on  the  doping 
profile  as  reported  by  the  authors[ref.3): 
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where  TAUnO  is  the  SRH  carrier  lifetime  for  electron. 
TAUpO  is  the  SRH  carrier  lifetime  for  hole,  N(x.y^)  is 
the  local  total  impurity  concentration,  NSRHn  is  the 
SRH  concentration  parameter  for  electron  and  NSRHp  is 
the  SRH  concentration  parameter  for  hole.  Close  to  the 
surface  a  reduction  of  the  lifetimes  occurs  due  to 
additional  recombination  phenomena  which  arc 
represented  by  the  surface  recombination  velocities  SN 
and  SP[ref.4],  All  the  difficulty  is  to  distinguish  the 
respective  effects  of  the  different  parameters  and  to 
determine  the  appropriate  experiments. 

The  influence  of  all  the  parameters  is  illustrated 
with  a  bipolar  transistor  issued  from  the  SUBILON 
technological  process  from  PHILIPS,  from  which 
doping  profiles  and  dimensions  are  known. 
Experimental  results  will  be  given  also  with  a 
component  realised  with  the  BICMOS  technological 
process  from  THOMSON.  All  the  curves  in  the  figures 
(Gummel  plots  or  current  gains)  are  given  versus  the 
base  potential  which  is  referred  to  the  emitter  potential 
in  the  forward  active  region  and  the  collector  potential  in 
the  inverse  active  region. 


3.  THEORETICAL  RESULTS 


Figure  1  presents  the  influence  of  Et  on  the 
current  gain  of  the  Bipolar  transistor.  When  operating  in 


the  forward-active  region  (figure  la)  .  no  significant 
effects  appear  except  for  values  of  Et  far  from  the 
intrinsic  energy  level  (Et-Ei=-0.45eV).  This  is  due  to 
the  fact  that  the  recombination  center  is  less  efficient 
when  its  energy  level  is  far  from  the  middle  of  the 
bandgap.  This  induces  a  higher  current  gain  because  of  a 
lower  recombination  current  in  the  base.  But,  when 
operating  in  the  inverse  active  region  (figure  lb),  the 
curves  diverge  in  the  low  applied  voltages  area 
(Vbcc0.7V),  even  for  low  values  of  El-Ei.  This  is  due 
to  the  fact  that  Et  acts  principally  on  the  recombination 
current  located  in  the  depletion  region  of  the  forward 
biased  junction.  In  the  case  of  a  component  forward 
biased,  it  is  the  emitter-base  depletion  region  which 
imposes  its  contribution.  But  this  one  _s  not  important 
because  of  its  narrow  dimensions  due  to  high  doping 


concentrations  in  the  vicinity  of  this  junction. 
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Figure  la:  Influence  of  Et-Ei  on  forward  current  gain 


Figure  lb:  Influence  of  Et-Ei  on  reverse  current  gain 

Inversely,  when  the  component  is  reverse 
biased,  it  is  the  collector-base  depletion  region  which 
imposes  more  clearly  its  contribution  because  of  its 
large  dimension  due  to  a  low  doping  concentration  near 


the  junction.  In  the  two  previous  cases  (figure  la  et  lb), 
we  have  neglected  the  influence  of  the  reverse  biased 
junction  because  of  its  low  contribution  due  to  a  high 
electrical  field  implying  a  low  probability  of 
recombination  in  these  very  depleted  area[re&5,8j. 

Figure  2  gives  the  influence  of  the  surface 
recombination  phenomena  modeled  by  different  values 
of  SN  and  SP.  In  the  forward  active  region  (figure  2a) 
the  curves  are  translated  as  SN  and  SP  varies.  This  is 
because  the  surface  degradations  (SN=SP=Ie5cm/s) 
generate  traps  at  the  interface  Si-Si02  implying  a  higher 
surface  base  current  which  dea  eases  the  current  gain.  In 
the  reverse  active  region(figure  2b),  the  same 
phenomenon  is  observed  [ref .6 .8]  But,  once  again  a 
large  sensitivity  can  be  seen  only  for  low  reverse 
voltages  applied  to  the  component.  This  influence  is 
also  visible  in  the  middle  of  the  curve  as  opposed  to  the 
previous  case. 
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Figure  2a:  Influence  of  the  recombination  velocities 
on  forward  current  gain 
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Figure  2b:  Influence  of  the.  recombination  velocities 
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620nm  rod  with  the  second-order  blocking  filter  from 
620nm  to  *60nm  The  lower  wavelength  limn  B  due 
to  the  optics  which  cannot  transmit  in  the  tthra-viofcl 
and  the  upper  wavelength  limit  tt  due  to  the  spectral 
rctponaivtty  of  the  photomultiplier  tube.  As  there  are 
two  sets  of  correction  (actors  result  mg  from  the 
calibration,  weighted  spectral  measurement  was  done 
over  the  first  range  without  the  second-order  blocking 
filter  and  the  second  range  with  the  second-order 
blocking  filter  The  two  sets  of  spectral 
measurements  were  then  merged  at  620am 

rhe  device  under  lest  »  placed  under  the  microscope 
and  biased  using  the  HP  414)8  Parameter  Anaiyw 
The  device  under  test,  microscope.  Itghl-futde  and 
photomultiplier  unit  were  enclosed  in  a  light  proof 
black  boa  to  prevent  ambient  light  from  s/Ttcrtng  the 
spectrum 


The  devices  used  w  this  study  were  potysilieen-gme 
rv  channel  double  diffrmd  dram  (DOO)  MOSFETs 
test  structures  fabrKated  using  I  )tun  technolop  on 
6  0-90  (km  cpstssial  layer  on  p-rype  substrate  The 
mask  gate  lengths  were  I  0|un.  1  4* un  end  2  On m  and 
gate  width  was  50u»  The  soune-dmo  /unction 
denth  •  0  ))um.  pat  aside  ducks**  *  25aea  and 
poty-Sx-gaM  thickiMM  -  0  4uas  The  devices  on  die 
test  structure  have  a  common  source  and  gme 
Typical  threshold  voltages  range  from  0  65V  to 
0  76V  at  -  50mV  and  /,  -  0  lMA’um  of  drvscc 
width. 


The  throe  drsscrs  seen  biased  mao  the  mepback 
region  as  constant  drain  currant  of  lOnsA.  20mA  and 
MmA  r  was  varied  from  IV  in  Napa  of  IV  anil 
titf  mi  loo  flM  to  few  dnictoA  Tim  iowoc 


and  substrate  store  grounded.  The  l-V  characteristic, 
threshold  voltage  f,  and  snapback  characteristic  were 
measured  and  recorded  using  the  Parameter  Analyzer 
before  and  after  the  experiment.  The  emission 
spectrum  for  each  bias  point  teas  captured  and  (he 
corresponding  Y,  Tr  /—  and  source  current  /.  were 
recorded.  Figure  2  shows  the  emission  image 
superimposed  on  (he  reflected  image  of  a 
50pm  1.6pm  device  m  avalanche  breakdown  tt  tj  - 
20mA  and  Y,  ~  JV  The  measured  V4  at  this  bias 
pout  is  approximately  I  SV 


The  technical  intensity  spectrum  obtained  from  the 
Optical  Spectrsan  Anaiyw  has  to  be  corrected  for 
absorption  The  emitted  light  from  the  channel  of  the 
aMOSFET  pauses  through  the  gate  oxide,  polysilicon 
gate.  BPSG  passivation  rod  Si,N.  passivation  SiO.. 
BPSG  and  Si,N,  have  large  band-gap  energies 
rotative  to  the  photon  energies  measured  and  thus 
there  it  very  tmlc  absorption  of  light  ui  these  films 
The  poiytilicon  band-gap  energy  of  I  12cV  is  less 
thro  the  photon  energy  range  of  I  4cV  to  2.7eV  rod 
absorption  has  to  be  corrected  for  in  the  emission 
tottmury  spectrum  The  corrected  intensity  IJU  for 
absorption  through  the  gate  »  given  by 

f.ai  -  ~  (i) 

e*p(-at>— ) 


where  fOJ  H  the  measured  intensity  at  a  particular 
wavelength  Jk.  a  it  the  absorption  coefficient  (Ref. 
I)  and  1^  is  the  thickness  of  the  poiytilicon  gate 


The  wavelength  of  the  emitted  light  it  converted  to 
its  equivalent  photon  energy  £  using  Planck’s 
equation 

E  -  ^  0) 


where  h  is  Planck  constant, 

c  is  the  speed  of  light  and 
h  b  the  wavelength. 

Since  a  grating  mooochroroator  measures  the  light 
intensity  per  unit  wavelength.  /,(»£  the  following 
conversion  was  earned  out  to  obtain  photons  per  unit 
energy  l/tf  (Ref.  4) 


r,af$sr 


where  v  Is  the  frequency. 


3.  PHYSICAL  MECHANISM  FOR  MOSFET 
BREAKDOWN 

The  explanation  of  the  physical  mechanism  of 
avalanche  breakdown  is  nMOSFETs  follows  that  of 
Hsu  et  at  (Ref.  9).  When  an  n-channel  MOSFET  is 
operated  in  the  saturation  region,  the  electric  Held 
near  the  drain  junction  can  be  large  enough  to  cause 
impact  ionization  (I)  as  shown  in  Figure  3.  The 
generated  electrons  are  swept  into  the  drain,  while  the 
holes  move  into  the  substrate.  As  the  holes  drift  in 
the  substrate  towards  the  source  (2),  an  ohmic  (bop 
develops  that  tends  to  forward  bias  the 
sourcc/substrate  junction.  This  junction  then  injects 
electrons  into  the  base  region  of  the  parasitic  lateral 
n-p-n  transistor  (3).  Most  of  these  injected  electrons 
are  then  collected  by  the  drain  through  the  depletion 
region  under  the  channel  and  at  the  drain/ substrate 
junction  (4).  Those  electrons  collected  through  the 
drain  region  increase  the  negnive-charge  density  in 
the  channel  near  the  drain  region,  and  as  a 
consequence  also  increases  the  electric  field.  This 
higher  electric  field  raises  the  avalanche 
multiplication  factor  above  its  value  without  electron 
injection.  Therefore,  a  lower  dram- (o- source  bias  is 
sufficient  to  sustain  the  same  drain  current  level. 
This  accounts  for  the  observed  negative  resistance 
after  breakdown. 

The  peak  electric  field  £_  determined  (torn  an 
analytical  model  (Ref.  9)  to  predict  the  drain  current- 
voltage  characteristic  up  to  the  current-controlled 
negative  resistance  region,  is  given  by 


where  Vd  is  the  drain  voltage,  is  the  saturation 
voltage  and  £„  is  the  electric  field  at  which  electron 
velocity  saturation  occurs.  The  parameter  A  is  given 
by 


A 


_ 1 _ 

N  e-  * JVO.oidV  v^j(xrxp\ 
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where  x,  is  the  junction  depth,  Xm  is  the  oxide 
thickness,  r.  is  the  oxide  permittivity  and  r„  is  the 
siiicoa  permittivity.  The  factor  0.01  has  units  of  V'1. 
X,  is  given  by 


- 


2e-0'ta*2*,j 


(«) 


9".* 


where  g  is  the  electronic  charge  and  is  the 
substrate  doping.  6,  is  the  equilibrium  electrostatic 
potential  given  by 


♦r  ' 


(T) 


where  k,  is  the  Boltzmann  constant,  T  is  the  lattice 
temperature  and  n,  is  the  intrinsic  earner 
concentration  of  silicon.  In  breakdown,  the  source 
injects  electrons,  represented  by  I.  of  which  a  fraction 
(1 tyaJJ  is  collected  by  the  drain  high-field  region, 
causing  additional  negative  mobile  charge  A Q.  to  be 
added  to  this  region.  A Q.  is  given  by 


AC?. 


(*) 


where  7  is  the  injection  efficiency  of  the 
source/ substrate  junction,  a,  is  the  base  transport 
factor,  t  is  the  fraction  of  the  collected  electrons  that 
go  through  the  drain  high-field  region.  IF  is  the  gate 
width  and  is  the  electron  saturation  velocity.  C„ 
is  (he  oxide  capacitance  per  unit  area  given  by 

C  -  -e2  (9) 

“*  Y 

While  the  calculations  by  Hsu  at  of  (Ref.  9)  shows  a 
smooth  change  in  the  I-V  characteristics,  their  actual 
experimental  device  characteristics  show 
discontinuities  in  dram  voltages  especially  for  longer 
channel  devices.  The  analytical  expression  seems 
unable  to  model  these  discontinuities. 


Figmrt  J  Schmatk  diagram  illustrating  itm  careen# 
path  in  a  nMOSftT. 


4.  RESULTS 


A  typical  semi-log  plot  of  the  photon  energy 
spectrum  shown  in  Figure  4.  Periodic  modulation  of 
period  0.3eV  to  0.4eV  due  to  interference  effects  in 
the  polysilicon  thin  film  as  reported  in 
(Refs.  10,11)  was  observed.  In  spite  of  this 
modulation,  for  the  photon  energy  range  of  1 ,5eV  to 
2.5eV.  the  photon  energy  distribution  decreases  fairly 
linearly  and  analysis  using  a  temperature  model  for 
the  electron  energy  distribution  (Ref.  12)  is 
possible.  The  carrier  temperature  T,  can  be  extracted 
from  the  slope  of  the  photon  energy  distribution 
semi-log  plot.  The  range  of  carrier  temperatures 
obtained  as  shown  in  Figure  S  are  higher  than  that  for 
saturated  nMOSFETs  (Ref.  13)  but  the  trend  for 
changes  in  bias  is  similar.  The  intensity  was  found  to 
be  proportional  to  the  nth  power  of  the  substrate 
currcm  where  n  «  0  88  as  shown  in  Figure  6. 

Over  an  extended  energy  range  of  l.SeV  to  2.7eV,  it 
was  observed  that  at  some  bias  the  photon  energy 
distribution  was  non- Maxwellian  and  can  be  better 
represented  by  a  Gaussian  distribution  function  (Ref. 
10)  f(E)  -  S  ex p(-AE7)  as  shown  in  Figure  4  or  a 
hybrid  of  both  (Ref.  14)  f(E)  -  N‘  exp/-A'E-B'E‘ ). 
where  N  and  N‘  are  normalisation  factors,  A,  A'  and 
B’  are  proportionality  constants.  The  peak  electric 
field  in  a  nMOSFET  under  breakdown  was  calculated 
using  equation  (4)  and  it  was  observed  that  die 
Gaussian  distribution  function  provided  the  better  fit 
when  the  electric  field  was  greater  than  4x1  O’ Wcra  as 
shown  in  Figure  7.  The  hybrid  distribution  function 
generally  provided  the  better  fit  after  snapback  in  the 
1-V  curve  occurs. 


5.  CONCLUSIONS 


Figure  4.  A  typical  semi-log  plot  of  the  photon 
energy  distribution  of  light  emitted  from  a 
50pm/ 1.6pm  device  with  ldm30mA,  and 

Vj-8.45V.  The  PED  has  been  fitted  with  two 
distribution  functions: 

(a)  Maxwellian  (-  -  -)  from  l.5eV  to  2.5eK 

(b)  Gaussian  (■ . )  from  l.SeV  to  2.7eV. 


Spectral  analysis  of  light  emitted  from  n-channel 
MOSFETs  biased  into  avalanche  breakdown  was 
performed  over  a  photon  energy  range  of  l.5eV  to 
2.7eV  using  an  experimental  set-up  for  spectroscopic 
emission  microscopy  described  in  this  paper.  The 
photon  energy  distributions  obtained  for  different 
device  channel  lengths  and  biases  were  studied  using 
fits  to  Maxwellian,  Gaussian  vtd  the  hybrid  of  both 
distributions.  The  photon  energy  distribution  was 
generally  found  to  be  non- Maxwellian  under  the  high 
electric  fields  of  avalanche  breakdown  and  the 
Gaussian  distribution  function  was  found  to  give  a 
better  fit.  The  observations  in  this  work  raises  the 
possibility  of  using  the  photon  energy  distribution  to 
study  the  electron  energy  distribution  within  a 
nMOSFET  . 


Figure  5.  Carrier  temperature  T,  range  for  1.0pm. 
1 6pm,  2.0pm  channel  length  devices  at  various 
breakdown  current  VtmIV  to  4V for  J^-IOmA  due 
to  system  sensitivity  limitations,  thus  Tc  range 
appears  narrower,  and  the  lowest  value  is  greater 
than  the  corresponding  T,  for  l4-20mA 
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Figure  6.  log-log  plot  of  intensity  against  substrate 
current  for  a  50pm/' 1. 0pm  device  for  all  bias  points. 
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Figure  7,  A  plot  of  calculated  peak  electric  field 
strength  against  bias  points.  The  best  fit  distribution 
function  has  been  assigned  at  each  bias  point.  The 
symbols  •.  4  and  ■  represent  the  Maxwellian, 
Gaussian  and  hybrid  distribution  functions 
respectively.  +  indicates  snapback  in  the  l-V 
characteristics.  The  symbol  ♦  indicate  situations 
where  the  sum  of  the  squared  errors  for  different 
distribution  functions  are  nearly  equal  and  the  best  fit 
function  could  be  either  be  between  Maxwellian  and 
Gaussian  or  between  Gaussian  and  hybrid 
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IMEC,  Kapeldreef  75, 3001  Leuven,  Belgium 


Abstract 

An  overview  is  given  of  (he  present  understanding  of  the 
hot  carrier  degradation  problem  in  submicron 
MOSFETs.  First,  the  degradation  mechanisms, 
observed  under  for  circuit  operation  somewhat  artificial 
but  well-controlled  uniform  substrate  hot  electron  and 
substrate  hot  hole  injection  conditions  are  discussed. 
Then  the  more  realistic  case  of  static  channel  hot  earner 
degradation  is  treated,  and  some  important  process 
related  effects  are  illustrated,  followed  by  the  behaviour 
under  the  -  for  real  operation  -  most  relevant  case  of 
dynamic  degradation.  Finally,  the  strategies  for 
improving  hot  carrier  reliability  and  the  forecast  of  the 
hot  carrier  reliability  problem  for  sub-0.25  pm 
technologies  are  briefly  discussed. 


I.  INTRODUCTION 

One  of  the  main  problems  encountered  when 
downscaling  device  geometries  into  the  deep  submicron 
range  has  been  the  hot  carrier  induced  degradation  of 
MOSFETs.  This  problem  has  been  studied  intensively 
during  the  past  decade,  under  both  static  and  dynamic 
stress  conditions.  In  this  period,  it  has  evolved  bom  a 
more  or  less  academic  research  topic  to  one  of  the  most 
stringent  constraints  guaranteeing  the  lifetime  of 
submicron  devices. 

Under  the  influence  of  the  high  lateral  fields  in  short 
channel  MOSFETs,  electrons  and  holes  in  the  channel 
and  pinch  off  regions  can  gain  sufficient  energy  to 
surmount  the  energy  barriers  or  tunnel  into  the  oxide. 
This  leads  to  the  generation  of  traps,  both  at  the 
interface  and  in  the  oxide,  and  to  electron  and  hole 
trapping  in  the  oxide,  which  will  cause  change*  in 
tranacooductance,  threshold  voltage  and  drive  current  of 
the  MOSFET. 

In  this  paper,  an  overview  of  our  present  understanding 
of  the  hot  earner  degradation  problem  is  given.  The 
mechanisms  that  are  at  the  base  of  the  hot  carrier 
degradation  are  hot  bole  and  hot  electron  injection.  Both 
injection  mechanisms  lead  to  different  degradation 
phenomena.  In  order  to  understand  the  degradation 
mechanisms  under  real  operating  conditions,  it  is 
mandatory  to  first  understand  the  degradation  for  each 
type  of  injected  carrier  separately.  Ideal  tools  to  study 
these  phenomena  are  the  uniform  substrate  hot  bole  and 
hot  electron  injection  techniques.  In  these  techniques, 
the  MOSFETs  are  stressed  under  artificial  conditions, 
but  the  field  and  fluence  conditions  cm  be  accurately 
controlled.  These  techniques  were  used  to  study  the 


degradation  of  devices  at  both  room  temperature  and  at 
77K  in  order  to  get  better  insight  in  the  interface 
degradation  mechanisms  under  both  hot  hole  and  hot 
electron  injection.  This  is  the  subject  of  the  first  part  of 
the  paper. 

In  the  second  part  of  the  paper,  the  degradation  of 
MOSFETs  under  the  more  realistic  conditions  of 
channel  hot  carrier  injection  is  reviewed.  The  different 
degradation  mechanisms  under  static  stress  conditions 
are  summarized,  lifetime  determination  methods  are 
briefly  described  and  some  important  process  related 
factors  and  effects  will  be  highlighted. 

Going  to  even  more  realistic  conditions,  the  degradation 
under  dynamic  stress  conditions  is  described, 
emphasizing  the  influence  of  the  measurement  setup, 
the  comparison  with  static  stress  and  the  importance  of 
post-stress  and  detrapping  effects. 

Finally,  in  the  third  pari  of  the  paper,  some  strategies 
that  are  under  investigation  for  improving  the  hot  carrier 
reliability  for  deep  submicron  transistors  will  be  briefly 
discussed.  These  strategies  are  concentrated  on  the  use  of 
improved  dielectrics  on  the  one  hand,  and  on  alternative 
drain  engineering  techniques  on  the  other. 


2.  DEGRADATION  OF  MOSFETS  UNDER 
UNIFORM  HOT  CARRIER  INJECTION 

In  this  section,  an  overview  is  given  of  the  effects  of 
electron  and  hole  injection  -  trapping,  oxide  and 
interface  trap  generation  -  as  obtained  from  uniform 
substrate  hot-carrier  injection  experiments.  The 
efficiency  of  these  processes,  as  well  as  their 
dependencies  oa  oxide  rod  silicon  field,  temperature  and 
oxide  thickness  will  be  discussed.  Some  indicative 
values  have  been  summarized  in  Table  1. 

2.1  Effects  of  electron  injection 

Electrons  injected  into  the  gate  oxide  have  a  certain, 
though  small  probability  (on  average  about  10*7)  of 
becoming  trapped  in  electron  traps  present  in  the  oxide 
bulk.  Low-field  electron  trapping  has  been  found  to  be 
independent  of  the  silicon  field  (i.e.  the  energy  at 
injection)  except  in  oxides  too  thin  for  the  injected  hot 
electrons  to  be  thennalized.  The  trapping  is,  however, 
sensitive  to  the  injected  current  density  (Refs.  1, 2).  The 
saturated  value  has  a  maximum  at  low  field  and  is 
determined  by  the  steady-state  balance  of  trapping  and 
detrapping  (Ref  .  3). 

At  77  K  electron  trapping  is  one  to  two  orders  of 
magnitude  more  effective  (hie  to  additional  trapping  in 
energetically  shallow  traps  that  cannot  be  permanently 
filled  at  room  temperature  due  to  a  very  high  thermal 
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trapping 
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10-7-10-* 

10-7 
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generation 
|Eos|  dep. 

ft 

ft 
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10-9-10’7 

lO'H-lO-9 

10-3-10-2 

4.10-3 

generation 
|Eox|  dep. 

ft 

ft 

l 

i 

Table  1  -  Efficiency  and  oxide  field  dependence  of 
degradation  processes  related  to  hot-electron  and  hot-hole 
injection.  The  numbers  indicate  trapping,  oxide  trap  and 
interface  trap  generation  efficiency,  which  is  defined  as 
the  number  of  trapped  charges  or  generated  traps  per 
injected  carrier. 

emission  rate.  Field  detrapping  from  shallow  traps  is 
strongly  promoted  at  higher  oxide  field  (Ref.  3). 

Electron  trapping  is  less  important  in  thinner  oxides, 
since  both  the  total  number  of  traps  decreases  as  well  as 
their  effect  on  the  MOSFET I-V  characteristics. 

At  higher  oxide  fields  electron  trapping  no  longer 
saturates  at  high  fluence  while  the  trapping  rate 
increases  with  oxide  field.  This  is  ascribed  to  the 
creation  (and  filling)  of  additional  electron  traps  by 
injected  electrons  that  acquired  a  high  energy  in  the 
oxide  field.  The  existence  of  so-called  'threshold’  fields 
of  enhanced  election  trap  generation  at  1.5  MVAun  (the 
onset  of  electron  heating  in  the  oxide  field)  (Ref.  1)  or4 
MV/cm  (the  introduction  of  holes  into  the  oxide) 
(Ref.  4)  have  been  reported,  while  other  studies  only- 
observed  a  gradual  increase  in  trapping  without  any  dear 
threshold  (Ref.  2).  It  has  been  remarked  that  the  exact 
manner  in  which  the  trapping  data  are  examined  could 
lead  to  different  conclusions,  however  (Ref.  5).  The 
minimum  energy  to  create  a  trap  has  been  reported  to  be 
23  eV  (Ref.  1).  The  existence  of  a  (field  or  energy) 
threshold  and  the  field  activation  of  electron  trapping  are 
important  issues  in  the  downscaling  of  devices  and  in 
accelerated  lifetime  tests  (Refs.  1,6). 

As  the  trap  occupancy  decreases  with  Eox,  a  consistent 
picture  of  trap  generation  phenomena  can  only  be 
obtained  after  the  application  of  an  additional  -  short  - 
'trap-filling*  step  after  the  actual  high-field  injection  to 
effectively  occupy  all  the  possibly  generated  traps  (Refs. 
7.2). 

Electron  trap  generation  is  temperature  activated:  at 
77  K  this  process  is  reduced  (Ref.  8),  and  according  to 
others  even  nearly  inhibited  (Ref.  3).  The  importance  of 
taking  into  account  the  trap  occupancy  in  revealing  the 
occurrence  of  trap  generation  at  77  K  has  been 
demonstrated  (Ref.  9). 

The  most  important  features  of  electron-induced  interface 
trap  generation  are  summarized  in  Fig.  1.  This  plot 


Fig.  1  •  Total  interface  trap  generation  after  injection  of 
625x10 ts  cm'2  electrons  as  a  function  of  oxide  field,  at 
295  and  77  K.  Curves  A  and  B  are  after  injection  at 
77  K  and  after  warmup  to  295  K,  respectively.  (Ref.  9) 


compares  the  interface  Iraq)  generation  ADjt  (at  a  fixed 
fluence)  at  two  injection  temperatures  295  K  and  77  K, 
as  a  function  of  oxide  field  (Ref.  9).  At  295  K,  the 
interface  trap  generation  rate  is  seen  to  exhibit  an 
approximately  exponential  field  dependence  over  a  wide 
oxide  field  range.  This  strong  field  dependence  suggests 
8  correlation  with  electron  heating  in  the  oxide  field 
(Ref.  1).  This  is  further  supported  by  the  observation 
that  interface  trap  generation  is  independent  of  the 
injection  conditions  in  the  silicon  (Ref.  2). 

At  77  K,  curve  A  is  the  direct  generation  during 
injection,  while  curve  B  is  the  total  generation  after 
injection  and  subsequent  warmup  to  295  K  (at  zero 
bias).  As  for  the  case  of  room  temperature,  both  curve  A 
and  B  show  a  strong  field  enhancement  Hot-electron 
induced  interface  trap  generation  is  clearly  a  strongly 
temperature-activated  process:  going  from  295  K  to  77 
K,  the  generation  efficiency  drops  by  more  than  two 
orders  of  magnitude.  Curve  B  shows  that  during 
injection  at  77  K  also  some  latent  damage  is  formed. 
However,  the  fact  that  curve  B  still  lies  well  below  the 
293-V  injection  curve  proves  that  at  low  temperature  the 
main  interface  trap  producing  mechanism  is  truly 
suppressed  and  not  just  temporarily  inhibited.  The  small 
remaining  generation  is  believed  to  be  due  to  other,  less 
important  processes  (Ref.  9). 

The  approximately  exponential  field  dependence  of  D-u 
generation  observed  in  Fig.  1  -when  plotted  on  a  log 
scale-  does  not  suggest  the  existence  of  threshold  fields 
for  enhanced  trap  generation,  in  agreement  with  other 
work  (Ref.  2).  Earlier  studies,  however,  have  reported 
threshold  fields  equal  to  those  observed  for  electron  trap 
generation  (Reft.  1.4),  as  discussed  above.  The  tact  flat 
interface  traps  are  framed  at  any  oxide  field  is  not 
inconsistent,  however,  with  die  existence  of  a  threshold 
energy  of  trap  generation. 
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Fig.  2  -  Initial  interface  trap  generation  efficiency  per 
trapped  hole  versus  oxide  field,  at  29S  and  77  K. 
(Ref.  W 


22  Effects  of  hole  injection 

The  trapping  of  holes  injected  into  the  gate  oxide  occurs 
with  several  orders  of  magnitude  higher  efficiency  than 
that  of  electrons:  the  trapping  efficiency  reaches  values 
as  high  as  10-20%  (Refs.  10, 11, 12).  Hole  trapping  is 
quite  insensitive  to  the  oxide  field  conditions.  With 
increasing  oxide  field  magnitude,  a  slowly  decreasing 
trapping  efficiency  is  observed,  that  has  been  attributed 
to  a  hole  capture  cross  section  that  is  linearly  decreasing 
with  (EqxI  (Ref.  10).  No  dependence  on  silicon  field  nor 
injected  current  density  has  been  observed,  an 
observation  that  is  consistent  with  the  assumed  fast 
thermalization  of  injected  holes  in  die  oxide  (Ref.  10, 
12). 

At  77  K  hole  trapping  is  enhanced,  the  efficiency 
increasing  to  values  up  to  70%  (Refs.  12, 13).  Analysis 
of  the  trapping  kinetics  at  29S  and  77  K  has 
demonstrated  that  the  enhanced  tupping  at  77  K  is  not 
due  to  additional  trapping  in  shallow  hole  traps,  but 
rather  to  a  larger  effective  capture  cross  section  at  the 
latter  temperature  (Ref.  12). 

At  Urge  injected  hide  density  a  dear  saturation  level  of 
the  trapping  is  observed,  that  is  independent  of  the  oxide 
field  during  injection  (Ref.  3),  suggesting  the  absence  of 
additional  hole  trap  generation  as  a  result  of  hole 
injection,  in  contrast  to  the  case  of  trap  generation  by 
electron  injection. 

Hole  traps  are  mainly  located  near  the  Si-SK>2  interface 
(Refs.  11, 14)  so  that  their  effect  on  the  current-voltage 
characteristics  of  the  transistor  depends  approximately 
linearly  on  oxide  thickness.  Furthermore,  an  essentially 
trapped-hole  free  layer  exists  at  either  interface  due  to 
detrepping  of  trapped  holes  by  tunneling  processes.  As  a 
result,  gate  oxides  of  thickness  smaller  than  two  times 
this  charge- free  layer  no  longer  show  significant 
permanent  hole  trapping.  The  critical  thickness  for 
which  hole  trapping  disappears  has  been  reported  to  be  4 
nm  (Ref.  14)  or  even  is  much  as  7  nm  (Ref.  11).  This 
effect  is  of  particular  importance  for  the  further 
downscaling  of  devices. 


In  contrast  with  the  trap  generation,  the  interface  trap 
generation  is  much  more  efficient  by  hole  injection  than 
by  electron  injection.  Typical  generation  efficiencies  are 
in  the  range  of  10'3-10'2  (Refs.  10, 12, 13).  As  is  also 
the  case  for  bole  trapping,  the  generation  process  was 
observed  to  be  independent  of  silicon  field  (Ref.  12).  A 
second  feature  common  to  hole  trapping  is  the  weak 
oxide  field  dependence  of  this  interface  trap  generation 
process:  the  Du  generation  efficiency  slowly 
with  (EoXl  (Ref.  12,  13,  16),  again  in  contrast  to  the 
exponential  oxide  field  dependence  of  interface  trap 
generation  by  electron  injection. 

At  77  K  the  interface  trap  generation  efficiency  is  also 
higher  than  at  295  K,  clearly  in  strong  contrast  to 
electron-induced  Dit-generation,  as  discussed  previously, 
and  also  to  radiation-induced  interface  trap  generation 
(Ref.  12). 

The  features  of  hole  trapping  and  hole-induced  interface 
trap  generation  are  strikingly  similar,  suggesting  a 
causal  relation  between  these  two  processes.  Fig.  2 
plots  the  interface  trap  generation  efficiency  per  trapped 
hole  at  295  and  77  K,  revealing  that  this  quantity  (and 
therefore  the  generation  process)  is  nearly  temperature- 
independent  (Ref.  12).  in  Fig.  2,  about  1%  of  the 
trapped  holes  give  rise  to  interface  traps,  but  also  higher 
values  have  been  reported  (Refs.  6,  IS).  Further  evidence 
for  a  direct  correlation  between  hole  trapping  and 
interface  trap  generation  is  provided  by  the  oxide 
thickness  dependence  of  the  generation  process.  A  linear 
relation  between  AN0t  and  ADu  has  been  reported 
independent  of  oxide  thickness,  while  D;t  generation 
increases  with  oxide  thickness  for  small  tox  but  rapidly 
saturates  for  larger  toX,  consistent  with  the  spatial 
distribution  of  trapped  holes  in  the  oxide  (Ref.  13) 

Apart  bom  the  direct  generation  of  interface  traps  during 
hole  injection  discussed  above,  also  delayed  interface 
trap  formation  occurs  after  termination  of  injection 
(Refs.  12,  16).  This  important  delayed  component  is 
believed  to  be  a  temperature  activated  process  similar  to 
that  observed  in  irradiated  devices  (Ref.  12). 


3.  DEGRADATION  OF  MOSFETS  UNDER 
REAL  OPERATING  CONDITIONS 


3.1  Satie  degradation 

Once  the  different  types  of  damage  that  are  created  under 
influence  of  both  electron  and  hole  injection  are 
determined,  and  the  dependencies  of  their  generation 
efficiencies  on  electrical  fields  are  known,  one  can  tackle 
the  more  realistic  case  of  the  channel  hot  carrier 
degradation  under  static  conditions.  First  of  all  it  is 
important  to  understand  the  different  degradation 
mechanisms  that  are  playing  a  role  under  various  stress 
conditions  and  for  different  transistor  types.  Next,  a 
method  for  the  lifetime  determination  and  extrapolation 
towards  normal  operating  conditions  has  to  be 
established.  Finally,  a  number  of  processing  related 
factors  that  can  influence  the  degradation  and  the  hot 
carrier  lifetime  will  be  discussed. 
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3.1.1  Degradation  mechanisms 

The  hoc  carrier  degradation  mechaniami  under  static 
conditions  have  been  extensively  studied  (tiffing  the  last 
decade,  and  there  exists  more  or  leas  a  consensus  on  a 
consistent  picture  of  the  degradation  mechanisms  for 
both  n-type  and  p-type  MOSFETs.  A  full  description 
falls  beyond  the  scope  of  this  paper,  bet  can  be  found  in 
(Rets.  6, 17, 18).  Here  we  will  only  summarize  the  sign 
of  die  current  change  and  the  type  of  damage  that  is 
generated  for  three  types  of  MOSFETi  (conventional  n- 
MOS,  LDD  n-MOS  and  conventional  p-MOS),  and  for 
three  different  gale  voltage  ranges:  low  (V^-Vj), 
medium  (Vg-V^)  and  high  (Vg-Vg).  This  is  shown  in 
Table  2.  The  damage  that  is  determining  for  the  current 
change  is  indicated  in  italic. 


m 

n-MOS 

uMOS 

LDD 

p-MOS 

low  V, 

k* 

h-trapping 

Dj  [-creation 

Id* 

h-trapping 

Djt-creatkm 

in'* 

e-  trapping 

Dj  [-creation 

medium 

V8 

Id* 

Dn-crealion 

Id* 

e-trapping 

Dit-creation 

V* 

e-trapping 

Djt  creation 

high 

V« 

Id* 

e-trapping 

Id* 

e-trapping 

"d1* 

Dh  creation 

Table  2  -  Degradation  mechanisms  for  three  types  of 
MOSFETs  and  for  three  stress  gate  voltage  ranges. 

For  conventional  n-MOS  devices,  the  maximum 
degradation  occurs  in  the  medium  voltage  range,  and  is 
caused  by  mobility  degradation  due  to  interlace  trap 
generation.  These  interface  traps  are  generated  by  the 
simultaneous  injection  of  holes  and  electrons  far  these 
conditions,  but  it  was  shown  in  the  previous  section 
that  the  holes  are  more  effective  by  about  four  ardent  of 
magnitude  in  generating  interface  traps.  At  low  gate 
voltages,  the  current  is  increasing  due  to  the  efficient 
trapping  of  hides,  leading  to  a  channel  shortening  effect. 
For  these  conditions,  interface  traps  are  created  as  well, 
but  tbeir  influence  on  die  current  is  masked  by  the 
trapped  boles.  Their  influence  might  become  visible, 
however,  after  neutralization  of  these  holes. 

The  main  difference  with  LDD  n-MOS  devices  is  that 
for  this  type  of  MOSFET  the  maximum  current 
degradation  is  dominated  by  a  series  resistance  increase 
of  the  n'-region,  due  to  electron  trapping  in  the  spacer 

above  this  region.  _ 

The  change  of  the  drain  current  in  p-MOSFETs  is 
aiudoguous  to  the  bide  trapping  case  in  n-MOSFET*. 
Electron  injection  and  trapping  increases  the  (absolute 
value  of  the)  drain  current  by  channel  shortening,  and 
masks  any  effect  of  the  generated  interface  traps.  Only, 
this  electron  trapping  occurs  for  almost  all  dress  g ate 
voltages,  because  the  electrons  are  becoming  hotter  than 


holes  in  the  same  electrical  field  and  because  the  energy 
barrier  for  injection  of  electrons  is  smaller  than  for 
holes,  which  leads  to  efficient  electron  injection  over  fee 
complete  gale  voltage  range. 

3  121  ifolimr.  Aurnninatirai 

..ike  for  all  reliability  failure  mechanisms,  it  is 
important  to  be  able  to  predict  the  lifetime  of  a 
component  or  device  under  operating  conditions.  Such 
lifetime  methods  are  always  based  on  experiments,  in 
which  the  failure  mechanism  is  accelerated,  either  by 
temperature  or  by  high  voltages  or  high  currents. 
During  the  experiment,  a  degradation  parameter,  relevant 
far  the  damage,  is  monitored,  and  the  lifetime  is  defined 
as  the  time  to  reach  t  certain  shift  in  this  degradation 
monitor. 

For  the  hot  carrier  degradation  mechanism,  several 
Kceleraied  lifetime  determination  methods  have  been 
proposed  in  the  past  They  are,  however,  all  based  on 
acceleration  of  the  degradation  by  increased  (drain) 
voltages,  since  hot  carrier  degradation  is  one  of  the  few 
mechanisms  that  is  not  accelerated  by  an  increase  til  the 
temperature  (Ref.  19). 

Most  accelerated  lifetime  determination  methods  are 
based  on  the  lucky  electron  model.  The  damage  of  the 
device,  in  terms  of  generated  interface  traps  ANjt,  can  be 
related  to  the  electrical  field  E,,,  at  the  drain  (Ref.  20): 

^-c,[*.«p(-^st3  © 

where  W  is  the  width  of  the  device.  Ojt,c  is  the  energy 
an  electron  must  possess  in  order  to  create  an  interface 
trap  and  Xe  is  the  hot  electron  mean  free  path.  A 
measure  for  die  electrical  field  E,,,  is  the  multiplication 
factor  M^b/Irf,  given  by: 


where  is  the  impact  ionization  energy.  By  defining 
the  lifetime  as  the  time  t  to  reach  a  fixed  amount  of 
damage,  and  by  combining  (1)  and  (2),  the  lifetime  can 
be  written  as: 

♦it.e 

W-C3(^)  ^  “  C3  M"m  © 

If  one  plots  the  lifetime  as  a  function  of  the 
multiplication  factor  on  a  double  logarithmic  scale, 
according  to  (3)  one  obtains  a  straight  line  with  slope 
m,  where  m  is  an  indication  of  the  energy  of  the 
electrons  that  are  causing  die  damage. 

In  a  simplified  form  of  (1)  the  lifetime  is  related  to  the 
drain  voltage,  and  thus  the  power  supply  voltage  ss 

t  -  C4  exp  ^jjrj j  (*) 

Plotting  die  logarithm  of  the  lifetime  t  as  a  function  of 
I/V4  yields  again  a  straight  line  (Ref.  21).  The  latter 


106 


nmmm.  *  *  <kw*  «■»  <*  «*  <a»  « 

<M|—¥  «»  <N»  nw  um>  tow  •  «wy>  <*M  <•* 

«*  »*•  im  inn»i»  w  •  »«rf  mi|ilf  *  « 


iHKitfJiJiliJliiJJit 


t  1  »  >  i  r  I 


**  m 

#<*  *  tawna  nwn«m 

«w  4MM  m*m* 0  4ta»  »  «NW  rf  MMM»  « 

¥<*•  «tf  4nm  4QV  am  *■  <*r*  mf  ««•> 

«w4V  *****  »*f  ;i 


t  I  1  4  *  juju  jy| 

kf*i^^iia  riiiai  t  Tjg4\  A 

WIW^*  BPP*r*  « HPWIP*  v^nww  v^^P*  ir»  A.  ^  4m 

m  ******  m  «»  ka*  ■«*!»  4kpariMM»  iwkiiwu* 

<m  »  m 

*H»  •  «••>«••«  »!»  *VMNtoM*  It  »»»  •»  • 
<«MH*  rf  iflMk  «  «'*-*»  *»  «*»  ***»*.  «#  r 
WWt  %•»  •  i  »  **  fMm«mmi  »  MW  * 
^ma  jatv  *****  tt^^kaaak  ^ak^pa 

'tkF^kkkk  ***t  44IA  4a|ft  F  *t*k  t*ft*  ****■  k0  MfMMHl 
4Nf  *44k4kkaiia  AktFkkPMfktt  4®4kf4t  44  4kF  ^MkkkFFk  At  4ta 

«•»  Mmm»  i m  •*»  »!».  TV  *|MMm  <#  *»  mb 
Mtk  F  atkk  *m*.  Wmamf  f  w**0kt  V  tt****  •  Vrtaa 
vt*  •*m*mmt  m  *»  41 *•**  MW  •  *  «•»  pw 

— «v*l>  «<•  jwVmna*  *V  «mft  *  «m*  JTkJTT 

f  «<w»  v  <n4  »  mm****  *****  »  pww>  «*■%»  *> 


4P-«r  4V 


•  t  t  •  t  «  t  *  f  ♦  it  >j 


l  U*>l 

4i»  •  tiwmr  »m»in  m»k«»»  wwimt  itam 4  Imp* 
Jk*  •*  4»*‘<  mlf'  «mO 4wt*  <*#  ».t 


«•»*  •»  CT  ***********  t  «1m*  h  lavdi 
piipmliwp  «•  4k*  MnP  Wkmtm*  tftaipr  <M  22i 
Kn»  41m  Cpwa  •  twMM  <«M>  Atk.  fa>  «k>  «w 
*****  i<*m*mm*.  ton*  Ufa  <A  MK30VT4  km 

4fc»  1u**m*  M  4V  «WU  ikwmion  m  «HWk 
V|PN»  V  V»«44k4V»  ktPlikpprVw 

A  **t*mt**t$  ****k****t  4if  kipflt  ^kflA  t4kkkk0) 
•»  4kr  Iktai  Mt*  •**»  «MBk.  •  DmM  o» 
4v»  «  TV  •»•  w—  «4  «kpp4  Akura*  teiulu 
Vrik  »  «•«<  >4ummm  <4ki'-MM«n  4*  Mk  npa  at 
******  tm  *  «•  tap*  *mm  dMl  rfV*  V  «kr  • 


knpVAMK  It  W  k»  «MM|  f>»ak»  *****  Vr  •»  F 
kOMTk  •»  WfcMw»  «4t  P»  V«kn»  a»  V  *m*m*f<t 


tO* 


I 

• 


f  (k«D 

Fig.  10  -ftf  mat  F  for  »MOS  woodman  mrtmd 

with  CBMMmtfmlM  dwpt  tmddmu  o.Aomd  mi  for 

tommadom il-jtm  woodmen  m ramdmVj  »  725  V. 
V.  ptUmd  httwtm  0  mod  7 23  V.  tress  dam  •  6000 1. 

i,  *  if  »  10  *  of  dm  period  ofdttVg  pairnt-  it  for 
LDO  IJS-tm  woodmen  mresaod  m  V4  «  7J  V.  K( 
yafstd  bstwara  0  omt  75  V.  ana  dam  ■  1 0000 1. 1,  - 
«■  10%  of  dm  period  4  dm  V.paimx.  *  It  for  LDO 
OJ-ieo  woodmen  messed  mVpmdJ  V.  V.  poked 
betwetaOeoddJV.  mom  dote  a  J000t.tr  ef  "20 
%  tf  dm  period  tf  dm  Vg  pokes. 


Tbit 

Mdl 

hk 


tad  dat  k  very  seatfeho  to 
effccaoccarTiai  dariaf  the<x%ocaf  Sa 
volute  polee  U  the  coastaat  poise  shape 
iowat  k  which  cbe  rise  aad  fell  dome  me  a 
aa>  porttoa  of  dae  period  of  gaaevoitacepatae. 
Mate  hat  whoa  the  fteqaeacy  it  laoMted,  rise 


1  Pi*.  10  I 


of  the  pee 


Bam  on  tee  exptnmatt,  the  aatec  ptecte 

whpted  for  dyaaaic  opening  ooadboas  (Ret  33%"^ 
Tbk  it  Uhaoued  oa  Pfe.  11  where  the  ttfethae  carve 
(fell  tine)  it  extrapolated  bated  oo  static  tacts 
esperhaeats  Md  coaparod  to  icahi  of  dytieic  taut 
csadhksa,  The  pots*  labeled  ’cnaataat  poke  shape' 

Alep  was  ofcea  at  a  awahor  for  da  hot-camr-nduced 
dapadsdon,  hi  ode  to  avoid  probkna  whh  tcseeaiei 
of  da  depadate  by  upped  tmiie  chap  (Ref.  17). 


SA3I 


la  a  lut  pan  of  thlt  wriina  the  tflira  t  of  two  effects 
k  idtretttd  that  are,  however,  oftea  not  taken  into 
coaaidoatoa  tod  hat  caa  lead  to  a  ihnepaecy  boaect 

the  reach  of  a  cowperkoa  between  astir  nod  dysaaec 
depadsdoa,  Carve  C  it  aiaasred  after  a  dynamic  stress 
when  da  draia  vohsfe  »  7.7S  V  was  conwanr  tad 
da  pee  volute  is  poised  boat  0  to  a  varying  gate 
vettp  V..  k  it  dear  that  da  canes  after  tube  (A) 
mo  oyfMC  \s*)  wm  oo  not  oomcioe.  1  mt  atucrence 
n  on  o  in  pos'WHi  enow  oucmiu  went,  otnoc  in 
te  wpcrimwM  of  Pig.  12,  carve  C,  ft  potitive  ctarge  if 
bnfli  ap  for  tte  low  fate  voltage  conditions,  a  post 


U 

fmdmd W 


Ufestam  (Alt?  "  M  **  a  fkoedeo  of 
Open  chxits  mt  DC  Iffrdem  swaarratan, 


ahrnioedfiem  the  poke  dmpt,  dm  Ofttkat  iorfti  i 


Fit- 12  -OmreA  :  Alep  efkr  mode  toextV^m  7.75  V, 
Cone  B  :  Alep  efter  tmdc  men  mod  odmqoed  post- 
area  period  tf  9950  s.  Carte  C  :  Ala  jter  dyoaadc 
area  m  F  *25  kfit,  width  »  200  at,  V  »  tf  «  10  at 

WZ” 


110 


Waiting  tlma  (ns) 


Fig.  13  •  Dynamic  degradation:  V.  pulsed  between  0 
end  -2-5  VaadVj  -  .10  V.  Tr.tfm  10  ns  width  • 
100  tu.  number  ef  pulses  »  SJCP.  F  »3  MHl  Sulk 
degradation:  V.  -  -2J  V.  Vg  •  - 10  V.  stress  ibx  « 
300  s 


stress  effect  will  occur  daring  the  tee  Vg  «  0.  In  Oder 
w  ate  into  accomu  Se  pom-stress  effect,  carve  C  wot 
compared  to  (he  result  of  a  static  stress  followed  by  * 
subsequent  pom -urea*  period,  oottmpoarting  to  dm  poat- 
ftraai  period  of  the  dynamic  men.  It  is  dear  from  Pig. 
12  that  carve*  B  ml  C  are  identical  for  all  gate  voltage 

A  Ian  effect  that  hat  to  be  taken  into  accooot  -  and  (hat 
iiiiij».«in.h.i»[ii»««.n  I"*’ p-rfumr1  naiaon-lt 
the  detnpping  of  tapped  charge.  ngDSoaiAl^ 
versa*  the  waking  tee.  Le.  ike  tee  wkea  Vg-OV  and 
Vg-Vd.  It  U  clear  tet  for  Increasing  waiting 
(dcttappStg)  tee  die  degradation  decrease*.  This  can  be 
riphinrdby  adeaemeof  therhannH  shottming  effect 
due  to  a  decnaae  of  the  napped  negative  dingo  with 


4.  STRATEGIES  FOB  IMPROVING  HOT 

carries  reliability 

A a  already  SMUkmed  cariier,  die  hot  carrier  degradation 
problem  haa  evolved  from  a  note  academic  topic 
mwmdaai real  bottleneck  in  te  farther  downscaling  of 
the  tecfanologiea  towarda  deep  sabmicroo 
Therefore.  S  ia  not  only  Important  to  the 

degradation  morhaniima.  to  model  the  degradation 
hehnvioar  and  to  estabHfa  lifetime  methods,  hot  it 
beconma  alio  mandatory  to  develop  atrmegiee  for 
improving  the  hot  carrier  rr  alitaari  of  Ike  devices.  The 
key  tactora  far  improving  the  hot  carter  reHafeiUty  are 
on  dm  one  hand  te  Mr  eagbmrlag,  which  detanteea 
iheaawamof  hot  carrier  generation  far  a  given  mpply 
votaage  mid  dte  hdbmace  of  a  cenrin  nkvricri 
on  dm  electrical  charncmrimics.  and  on  the  other  band 
the  oxide  fuality,  which  *»■■  ■»!■»«  7  the  amoont  of 
phyrical  damage  far  a  given  hot  cmrier  injection  Onence. 
A  third  important  factor  is  te  needed  decteme  of  the 
power  (apply  voltage  far  fatare  deep  enbnricron 


generation*,  la  das  section,  each  of  dmae  factors  will  be 

oneny  one  umbo. 


fa  view  of  a  somber  -series!  reasons,  the  moat 
logical  scaling  scheme  ;sevice  tewwmnf  which 
teed  at  keeping  the  Oct  *  scat  fields  constant,  has  been 
abandoned.  In  practice  non-constant  field  scaling  has 

been  aaed.  fa  this  scheme  the  operation  vokte  does  not 

scale  with  device  dimensions  and  the  electrical  fields  in 
MGSFETt  increase  significantly.  Ia  order  to  reduce 
dmae  fatal  electric  fields  far  a  given  mppiyvokafB  ami 
iteration,  lighrly-doped-drain  (LDD)  ttractares  have 
been  ased  successfully  far  the  1 3pm  down  to  0.7pm 
generations  far  a  5V  supply  voltage-  la  these  devices  dm 
peak  of  the  banal  field  is  lowered  by  redadag  the 
doping  concentration  near  the  drain  and  by  providhg  a 
smooth  junction  transition  instead  of  an  abrupt  one.  By 
self-aligned  processing,  the  n~ -region  is  located 
underneath  a  spacer  oxide  and  connects  the  channel  to 
the  highly  doped  junction.  Daring  operation,  electron 
napping  can  occur  in  this  (poor  quality)  spacer  oxide, 
which  is  detrimental  for  device  lifetime,  as  discussed  in 
3.1.1.  Because  the  gate  has  only  Bailed  control  over  dm 
underlying  LDD-regioo.  the  cfcannd  current  is  indeed 
extremely  sensitive  to  the  buildup  of  negative  charge  in 
the  spacer  oxide.  The  degradation  behaviour  of  these 
LDD  devices  is  therefore  quite  different  Crum  that  in  dm 
conventional  nmsissors  and  characterized  by  a  serious 
increase  with  time  of  the  series  resistance  and  a 
flotmpwuling  decrease  of  the  channel  cueneot. 

It  was  already  predicted  fa  1986  that  the  LDD  concept 
would  not  allow  (L5pm  transistors  to  operate  during  10 
years  at  a  JV  power  sipply  (Rot  34).  Whereas  reduction 
of  the  power  supply  down  to  3.3V  makes  LDD  still 
appropriate  far  the  03pm  generate,  it  becomes  a  very 
questionable  approach  far  the  (L3Spm  and  even  totally 
inadequate  far  the  033pm  generations  at  this  opemtfag 
voltage.  Since  1986  several  advanced  tkab-eqgbmerod 
structures  have  therefore  been  proposed  which  artmupt  to 
overcome  the  major  drawbacks  of  the  LDD  approach 
being  the  reduood  current  drive  due  10  the  a*  -gate  offset 
and  the  gpacer-taduced  degradation.  In  these  advanced 
concepts  the  gate  faDy  overbps  the  data.  Examples  are 
the  ITLDDQaveno-T  gate  LDD)  (Ret.  35),  the  GOLD 
(Gaee-Ihata  overlapped  Device)  (Ref.  36)  and  dm  LAUD 
(Larpe-TUt-angk  Implanted  Drain)  concepts  (Ref.  37). 
Ia  the  first  two  approaches  (and  in  n  number  of 
variations  to  these  concepts  proposed  since  then)  then* 
LDD  and  a  eetf-aUgnme*  of  the  a*  to-gme  are  achieved 
by  a  rather  complex  process  sequence  involving 
implantation*  through  either  a  partially  thinned 
potysiUcaa  layer  and/or  special  qtavniuctares.  In  dm 
LAUD  device  the  r  LDD  eoorce  and  dnfa  regions  are 
achtevodbyaphtnpbotimimpfanfationandBratfltmtgte 
of  monad  45*  and  by  rotating  the  wafer  stepwise.  TTm 
LATTD  structures  me  simpler  to  realize,  provided  the 
ndaed  ion  fatplamerb  available.  A  drawback  of  all  dm 
advanced  device*  fa  the  increased  gate  overlap 
reparhmire  Whh  dmae  concepts  lifetime*  woB  over  10 
yenrs  can  be  expected  for  (L2SpiB  device*  operating  at 
33V  (Ref.  37).  The  degradation  behaviour  of  dmae 
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advanced  Mncaw  is  mot*  arose  complex  Am  tor 
convearionai  Md  LDP  structures  and  it  itifl  not  very 
weUMdersreod.  This  ii  earned  by  Ae  important  impact 


mechanisms.  hole  tad  electron  trapping  and  trap 
generation  efffctenciet.  (till  need  to  be  explained, 
however,  and  atom  itaearch  in  this  field  it  therefore  stlD 


the  location  and  valae  of  the  field  peaks  and  on  the 
CaiJnuuiJ  bin  i  if  glaum d  iteraigr  Qartfr~  nr»  ml 


device.  The  analyst  of  tbit  degradation  behaviour  wffl 
require  acre  ia-depA  invmrtgtrtflM  in  which  accurate 
2D  rtmaiaricra  wMbecoae  baby  eatable 


Betidea  the  suppression  of  hot  carrier  generation  by 
alternative  drain  engineering  tecbniqoea,  it  ta  equally 
important  to  minimise  the  daaaage  in  the  oxide  far  a 
given  hot  carrier  Ejection  fluent*.  la  the  pea  year*,  a 
lot  of  e— *m  hat  been  paid  to  the  nee  of  oitrided 
oxides  and/or  oxynitrides  for  improved  dielectric 
reliability  (Reft.  38-41).  Soch  silicon  oxynitride 
dieleclricf  are  composed  primarily  of  tfficon  dkxdde,  bat 
with  a  small  fraction  of  nitrogen  bolldiip  at  the 
interface.  There  are  different  approaches  (a  obtain  inch 
nitrided  oxides.  In  die  so-called  ROXNOX-proceas 
(reoxitfiaed  nitrided  oadde),  the  aitridatkm  consitts  fiat 
of  an  oxidation  in  O2.  followed  by  a  nitridttiou  step  in 
NH3,  and  finally  a  wxixidarion  again  in  OggteC^  In 
another  approach,  NjO  is  urod  as  the  oitridatioa  gat.  in 
this  approach,  the  nitridalion  can  be  done  by  growing 
the  oxide  in  pose  Oj.  followed  by  a  aitridatioa  nep  in 
N2O,  or  the  dielectric  cm  be  directly  grown  in  NjO 
ambient  (Ref.  40).  For  both  approaches,  either  foroace 
or  RTPprocemex  have  been  applied. 

tftf  frf  thedarge 

trapping  Md  interface  trap  generation,  the  picture  is 
rather  complicated.  Hrst  of  all.  interface  trap  generstion 
is  foMd  to  be  suppressed  by  the  nitridatioo.  This  is 
attributed  to  the  presence  of  nitrogen  st  the  silicon-oiidc 
interface,  which  rodnees  the  number  of  strained  Si-O 
bondsat  the  interface,  which  normally  nets  as  interface 
trap  precursors.  Dielectrics  with  higher  nitrogen  content 
ate  therefore  mote  effective  in  die  lupptettion  of  the 


The  charge  trapping,  on  the  other  hand,  is  strongly 
enhanced  for  very  heavy  oitridatkms,  especially  for 
ruij-umnoeq  ouw,  wwca  is  Gxpmm  uj  me  pawee 
of  hydrogen  in  Aeteottides  TboieosiditkiB  nep,  which 
is  intended  to  eliminate  the  H  Grom  the  oxide,  shoold 
therefore  be  carefully  optimised  (Ref.  39).  This  is 
pankitinly  important  in  order  10  avoid  no  increased 
degradation  of  the  p-MOSFETs,  which  are  arose 
sensitive  to  electron  trapping.  Recently,  it  was 

RTP  in  NH3,  Aow  optimam  conditions  for  hot  emrier 
at  ntoogMoonosnuiMaM  low  m(L5  at.  % 

In  dm  case  of  NjO-triarided  ceddea,  on  Ae  other  hand, 
me  BnmiMi  ts  cmduhij  Byora|BeH3W,w  oovi  wc 
ifltBcCMse  imp  ^eeQitai  eet  electtoct  flsp  4c®rity  ev 
redaced.  landing  10  improvements  in  As  lifetime  with 
more  Am  one  decade  (Ref  40).  The  exact  degradation 


In  the  generations  beyond  0.23pjn  (&25pm  -  0j07pm) 
hot  carrier  degmlstkui  cm  be  expected  10  become  a  lets 
important  reliability  problem  at  a  consequence  of  Ac 
expected  tether  reduction  of  the  nppty  vohage  and  Ae 
gme  insulator  thickness  U  is  generally  acceptod  Ant  Ae 
critical  issue  when  scaling  down  dimensions  win  shift 
from  concerns  reiatod  to  hot  carrier  effects  to  those  of 
supproesing  thott-chamicl  effects.  If  and  only  (f  indeed  a 
scaling  scheme  is  pursued  for  the  supply  voltage  going 
from  U-13V  for  the  OJJpa  generation  down  to  the 
1.5-1.0V  range  for  the  0. 1-0 .07pm  generations,  the 
coneaponding  reduction  of  the  lateral  field  peak  will 
indeed  significantly  alleviate  the  hot  carrier  problem. 
However,  it  is  important  to  point  to  existing 
miscoocepts  regarding  hot  carrier  generation  and 
injection.  It  is  quite  often  assumed  that  reduction  of  the 
drain  voltage  below  3.3-2.7V  will  automatically 
eliminate  the  problem  of  carrier  injection  became 
carriers  would  no  longer  gain  sufficient  energy  10 
overcome  the  Si-Si02  energy  barrier.  Moreover,  a 
reduction  of  this  voltage  below  the  threshold  energy  for 
impact  Ionisation  (-  1.6eV)  is  often  believed  to  also 
yield  an  elimination  of  electron-hole  pair  creation  by 
impact  ionization.  Both  assumptions  have  been 
unambiguously  disproved  by  many  recent  studies. 
Impact  ioniratirin  at  room  temperature  for  voltages  well 
below  the  threshold  energy  for  impact  ionization  and 
even  below  Ae  band  gap  energy  (down  to  0.6V)  baa 
indeed  been  observed  in  deep  submicron  0.1|im  Si 
MOSFETt  (Reft.  42,  43).  dale  currents  have  been 
measured  directly  by  Chung  el  at.  (Ref.  42)  in  0.1pm 
devices  at  drain  vohages  well  below  the  Si-SiOj  energy 
barrier  value  (down  10  1.75V).  Moreover  gate  currents 
which  were  deduced  from  threshold  voltage  shifts  in 
03pm  floating  gate  devices  have  been  reported  for  Aaia 
biases  as  low  at  1.4V  (Ref.  44).  There  are  different 
posrible  explanations  for  the  eximence  of  hot  electron 
currents  at  these  low  vohages  (Ref.  42)  (on  which  we 
will  however  not  farther  elaborate  in  this  paper).  The 
quasi-equiHbriam  model  states  that  the  election  gaa  is  in 
quad-thermal  equilibrium  with  the  electric  field  at  all 
times.  This  poatnltte*  that  the  electrons  have  a  certain 
probability  to  acquire  any  energy  in  the  drift  fidd  even 
tinder  low  drain  bias  (Ref.  6).  The  low  voitage  substrate 
rod  gate  corrals  are  due  to  electrons  existing  in  the 
high  energy  region  of  Ae  energy  distribution.  The 
relationship  betweea  gaae  current  (Iq)  Md  substrate 

at  tow  voltages  was  found  to  reaaia  the  mae  as  Ae  one 
derived  for  Ae  nricron  device  generations  (Ref.  42): 


■Mr 


in  which is  the  effective  barrier  height  and +i  is  Ae 
critical  tnagy  for  faupset  ionirarion. 
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The  degradation  of  deep-submicron  devices  at  reduced 
voltages  has  been  reported  by  several  groups  (Refs.  42, 
45-47).  Again,  the  existing  degradation  models  derived 
for  die  l|im  generation  and  below,  stiB  seem  lo  remain 
more  or  less  appUcabie  in  the  deep-aubmicron  regime  at 
Vow  vohaget.  Redaction  of  the  lateral  fields  win  thus 
yield  mach  smaller  substrate  ctmeats  sod  therefore, 
auaowfcg  to  these  models,  considerably  higher  Bfedmca. 
However,  it  also  turns  oat  that  at  a  given  substrate 
current,  the  hot  carrier  degradation  worsens  as  L*ris 
reduced  (Ret  42. 45).  an  observation  which  deserves 
dose  attention.  This  can  be  explained  by  the  non- 

scaiaNtity  of  the  degraded  region  by  which  a  relatively 
larger  part  of  the  channel  is  affected  which  in  ant  leads 
to  a  stronger  impact  on  the  device  characteristics. 
Reduction  of  the  gate  insulator  thickness  will  on  the 
one  band  lead  to  a  larger  substrate  current  (for  s  given 
drain  bias)  but  this  it  counteracted  by  lets  trapping  in 
me  insulator,  as  mentioned  fat  2.1.  and  therefore  let* 
MOSFET  degradation.  The  overall  degradation  is 
therefore  not  a  straightforward  function  of  the  gate 
insulator  thickness.  Just  as  an  example  of  hot  carrier 
degradation  in  dcep-submicron  devices,  for  the  double 
punch-through  ssopper  transistor  with  effective  chmntfl 
length  of  O07pm  reported  by  Koyanigi  rf  al  (Ref.  46), 
the  maximum  supply  voltage  to  guarantee  a  hot  center 
lifetime  (defined  for  a  10%  g.  degradation)  of  10  yean 
in  this  device  was  found  to  be  1.7V.  This  result 
demonstrates  oo  the  one  hand  that  considerable  hot 
carrier  degradation  indeed  occurs  even  at  these  low 
vohages  but  on  the  other  bend  that  a  redaction  of  the 
operation  voltage  down  to  1-1JV  for  this  generation 
cm  indeed  provide  sufficient  immunity. 


5.  CONCLUSIONS 

In  this  paper,  it  was  demonstrated  that  the  hot  carrier 
reliability  problem  has  evolved  from  a  mote  or  leas 
academic  topic  towwds  a  real  bottleneck  for  the  further 
downscaling  of  MOSFET -technologies.  The  main 
degradation  mochanttras  have  been  reviewed,  under 
uniform  and  non-arifonn  static  end  dynamic  conditions. 
Some  important  processing  related  effects  have  been 
iUmttseed.  and  the  etnu^ee  for  the  improvement  of  the 
hot  carrier  lifetime  have  been  briefly  diacaned. 

With  respect  to  the  future,  it  must  be  concluded  that 
even  for  a  constant  redaction  of  te  supply  voltage  and 
the  corresponding  redaction  of  the  generation  and 
injection  of  hot  carriers  in  0.1|im  devices,  this 
reliability  issue  still  requires  lo  be  considered  with  cite. 
Although  it  is  believed  that  the  advanced  drain 
engiueeiiag  approaches  may  smtloe  be  relaxed  for 
decp-snbmicroo  mkmmgm  in  case  of  appropriate 
voltage  supply  reduction,  the  hot  carrier  problem  dearly 
cm  sot  bo  md  Aoaid  bo  occouotod  fof, 
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ABSTRACT 

Constant  voltage  stresses  were  applied  to  MOS 
capacitor  structures  and  the  resulting  tunnelling 
current  profiles  were  recorded.  It  was  found  that 
hole  trapping  occurred  only  during  the  first  few 
seconds  of  the  stress,  while  the  electron  trapping 
occurred  throughout  the  stress  period.  A  quantitative 
model  for  charge  trapping  during  the  build-up  stage 
is  presented  and  is  shown  to  agree  well  with  the 
experimental  current  profiles. 


1. INTRODUCTION 

Gate  dielectric  breakdown  is  a  major  cause  of 
MOS  circuit  failure,  especially  in  very  large  scale 
circuits.  It  has  been  widely  accepted  that  oxide 
breakdown  is  triggered  when  the  accumulation  of 
trapped  holes  in  the  oxide  reaches  a  critical  value. 
A  proper  understanding  of  charge  trapping  is 
therefore  vital  if  an  accurate  breakdown  model  is  to 
be  developed. 

The  build-up  stage  of  the  dielectric  breakdown 
starts  when  electrons  enter  the  oxide  conduction 
band  by  means  of  the  Fowler-Nordheim  tunnelling 
mechanism.  The  tunnelling  current  is  exponentially 
dependent  upon  the  cathode  electric  field,  which  is 
affected  by  the  trapped  charges.  The  investigation 
reported  here  focuses  on  the  tunnelling  current 
profile,  from  which  the  charge  trapping  model  is 
proposed. 

The  phenomenon  of  the  charge  trapping  in 
thermally  grown  Si02  has  been  a  subject  of  many 
investigations.  Liang  and  Hu  (Ref.l)  presented  a 
mathematical  model  of  electron  trapping  and  trap 
generation  in  silicon  dioxide.  Chen  et  al.  (Ref.2) 
reported  that  holes  were  trapped  after  they  were 
generated  by  high-energy  electrons,  while  Jenq 
(Ref.3)  suggested  hole  trapping  was  the  result  of 
direct  tunnelling  between  the  anode  and  the  trap 
sites. 

New  experimental  data  is  presented  in  this  paper 
and  a  mathematical  model  of  charge  trapping  in 
Si02  is  proposed. 


2.  EXPERIMENTAL  RESULTS 

Experimental  studies  were  limited  to  a  single  4" 
<100>  p-type  Si  wafer,  containing  215x268pm 
MOS  capacitor  structures.  The  oxide  thickness  of 
the  capacitors  had  a  mean  value  of  41.42nm  and  a 
standard  deviation  of  0.161nm. 

Constant  voltage  stress  was  generated  by  a 
Hewlett  Packard  HP4145B  parametric  analyzer  and 
applied  to  the  devices-under-test  (DUT)  between  the 
gate  and  substrate  terminals.  Throughout  the 
experiments,  the  gates  were  stressed  negatively  with 
respect  to  substrate  and  the  oxide  current  was 
monitored  by  the  analyzer  as  a  function  of  time. 

During  the  first  set  of  experiments,  relatively 
low  stress  voltages  (-39V.-39.5V  and  -40V)  were 
applied  to  the  devices.  The  resulting  tunnelling 
currents  (Fig.l)  increase  from  their  initial  values  to 
a  maximum,  before  decaying  with  time. 

Subsequent  experiments,  performed  using 
higher  stress  voltages  (-42V  and  -43V),  showed 
tunnelling  currents  which  appeared  to  decay  from 
the  very  beginning  (Fig.2). 


Figure  1:  Tunnelling  current  profiles  for 

stresses  -39V,  -39.5V  and  -40V. 
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Time  [Sec] 

Figure  2:  The  oxide  tunnelling  current 

profiles  for  stress  -42V  and  -43  V. 

The  tunnelling  current  profiles  may  be 
characterised  by  two  parameters:  (i)  the  maximum 
current  and  (ii)  the  time  at  which  this  current  is 
reached.  The  variation  of  these  parameters  with 
stress  voltage  is  shown  in  Figs.3  and  4. 


The  logarithm  of  the  maximum  tunnelling 
current  varies  linearly  with  1/E  at  lower  fields  (in 
accordance  with  standard  tunnelling  theory  (Ref. 4)), 
and  saturates  at  higher  fields  (Fig. 4). 


3.  MATHEMATICAL  MODELLING 

The  oxide  current  is  determined  by  the  Fowler- 
Nordheim  equation  (Ref.4): 


J(f)  =  AE2Jit)e  EJf>  (1) 


where  J(t)  is  the  tunnelling  current  density,  E„  is 
the  cathode  field  and  A  and  B  are  constants.  The 
profile  of  tunnelling  current  in  Fig.l  can  be 
understood  from  a  consideration  of  the  charge 
trapping  mechanism  and  its  effect  upon  H„(t). 


Stress  Voltage  [V] 


Figure  3:  The  time  of  maximum  tunnelling 

current  as  a  function  of  stress 
voltage. 


Tox/Vs  [nm/V] 


The  non-saturating  tunnelling  current  decay 
observed  in  Figs.l  and  2  suggests  a  continuous 
generation  of  electron  trap  sites.  From  first  order 
rate  equation,  the  trapped  electron  density  Q„  can 
be  determined  using  the  model  of  Liang  and  Hu 
(Ref.l) 

Qm~&S  1  Vtt* 

JQ  f2l 


where  a  and  at  are  the  respective  capture  cross- 
sections  of  pre-existing  traps  and  newly  generated 
traps,  and,  is  the  pre-existing  trap  density  and  g 
is  the  trap  generation  rate. 


The  increase  of  oxide  current  in  Fig.l  can  be 
explained  as  a  consequence  of  positive  charge 
trapping.  Since  the  current  increase  is  very  rapid,  it 
is  believed  to  be  formed  by  direct  hole  tunnelling 
between  the  anode  and  the  trap  sites  near  ihe  SiCySi 
interface  (Ref.3).  The  increment  of  trapped  charge 
in  time  interval  dt  is  given  by 


Figure  4:  Maximum  current  vs.  stress  field. 
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dQ'jf)  =  J^m 


(3) 


where  is  the  hole  tunnelling  current.  The  latter 
may  reasonably  be  assumed  to  have  a  F-N  type 
dependence  upon  anode  field  E„  and  to  be 
proportional  to  the  density  of  available  hole  traps  in 
the  anode  (Ref.5),  i.e. 


JhoU 


Ce  £-(l 


D_ 

e~M - 2JL) 


Q« 


(4) 


where  N,„  is  the  total  density  of  hole  traps  and  C 
and  D  are  constants  dependent  upon  structure  of  the 
anode/oxide/trap  system.  The  factor  in  parenthesis 
causes  the  trapping  to  slow  as  the  available  number 
of  states  decreases,  and  to  tend  to  0  as  Q**  -»  qN^. 

The  oxide  field  profile  changes  when  charges 
are  trapped  within  the  dielectric.  If  we  assume  sheet 
charges  located  at  their  respective  centroids,  then 
the  electric  field  at  cathode  will  be  given  by: 


6)  allows  the  tunnelling  currem  to  be  calculated. 
Parameters  were  given  values  consistent  with  earlier 
publications,  with  the  exception  of  NM,  which  was 
adjusted  in  order  to  obtain  an  optimal  correlation 
with  the  experimental  data.  The  results  are  shown  in 
Fig.5  and  Fig.6. 


Figure  5:  Modelling  results  of  tunnelling 

current  profiles  for  lower  voltage 
stresses. 


eox 

Q« 


(5) 


in  which  Q„*  and  Q„‘  are  the  magnitudes  of  the 
trapped  hole  and  electron  densities,  x,  and  x,  are  the 
respective  centroids  of  Q,+  and  Q»'  and  T„  is  the 
oxide  thickness.  The  voltage  across  the  bulk  Si 
resistance  (=2500)  is  much  smaller  than  the  stress 
voltage  increment  (eO.SV)  and  was  therefore 
ignored  in  the  model. 

The  effect  of  trapped  holes  on  the  anode  field 
can  be  expressed  as: 


£ 
at i 


Kb 


Q«  xp  +  Q« 


Simultaneous  numerical  solution  of  equations  ( 1- 


Flgure  6:  Modelling  results  of  tunnelling 

current  profiles  for  higher  voltage 
stresses. 


The  results  in  Fig.2  and  Fig. 3  can  also  be 
explained  by  this  model.  Firstly,  since  the  density  of 
available  traps  is  fixed,  the  time  required  to  fill 
them  decreases  linearly  with  increasing  current  and 
hence  exponentially  with  increasing  voltage  (Eqn.4). 
Secondly,  the  rapid  hole-trap  filling  at  high  fields 
(~-  10ms  for  -42V  stress)  lies  beyond  the  time- 
interval  of  the  parametric  analyzer  (which  was  set  to 
100ms  throughout  these  experiments).  Hence  the 
maximum  recorded  current  lies  within  the  decay- 
portion  of  the  current  profile,  where  the  electron 
trapping  compensates  the  trapped  hole  charge.  The 
apparent  maximum  current  therefore  increases  less 
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rapidly  with  increasing  field,  as  shown  in  Fig. 3. 


4.  CONCLUSION 

Dielectric  breakdown  in  MOS  devices  appears 
to  be  triggered  by  the  accumulation  of  holes  in  oxide 
trap  states.  The  build  up  of  these  trapped  holes  may 
be  monitored  by  studying  the  current  through  the 
oxide.  Fig.l  clearly  show  the  effects  of  charge 
trapping. 

This  paper  presents  a  simple  physical  model  to 
describe  such  effects.  In  the  model,  the  initial 
current  rise  is  dominated  by  the  tunnelling  of  holes 
from  the  silicon  valence  band  directly  into  trap 
states  located  near  the  Si/SiOj  interface.  This 
mechanism  soon  appears  to  saturate,  after  which  the 
slower  electron  trapping  begins  to  dominate,  causing 
the  observed  tunnelling  current  decay. 

Despite  the  fact  that  hole  tunnelling  into  such 
traps  is  poorly  understood,  and  the  relative 
simplicity  of  the  model,  a  reasonable  agreement  is 
found  between  calculated  and  measured  currents. 
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dal  too  u  (Mint  *1  the  /H^.,  (oodituo.  A 
toaiiidicMa  thus  tiiitt  which  suggest*  that, 
while  con /Science  in  reliability  predittjoo*  at 
lumm,)  **  high  (l{,  the  mode)  was  not  well  veri- 
Sad  el  lew  V,,  Shu*  I  hit  i*  the  region  of  min- 
imam  predicted  lifetime,  aa  undent  ending  of 
mode)  accuracy  at  low  V'..  b  important  (It  b 
reported  that  the  degradation  mechanisms  at 
gat*  milage*  near  threshold  are  significantly 
different  to  the**  at  ,  [T|.J 

5  EVOLUTION 

OF  V*  AND  It  DUR¬ 
ING  CONSTANT-RATIO 
STRESSING 

Knott*  are  now  presented  to  demoourat*  the 
notability  of  the  constant  ratio  method  when 
working  with  the  Berkeley  model. 

V'a  and  f.  are  recorded  during  stressing  to 
check  that  these  variables  do  not  vary  exces- 
*i*e|y  daring  constant  ratio  messing.  Fig.  2 
shows  the  emiotion  of  Id  and  during  a 
suesa  at  i^sl.lV  while  the  ratio  b  main¬ 
tained  at  aa  approximately  coo* tact  value 
Except  foe  a  lew  minor  exenrsions,  the  value 
of  |*  ntMiM  within  a  +/■  0.1%  hand. 

rig.  3  shows  plots  of  Va  and  I4  ae  func 
toons  of  ton*  daring  a  t tress  at  the  —  nr) 
condithm.  The  comnt  ratio  b  controlled  to 
a  similar  degree  as  at  Va.sl.4V. 

The  changes  in  /*  and  V*  ohsersrd  dar¬ 
ing  the  constant-ratio  stresses  are  tabulated  in 
TaMt  I.  The  varintoons  in  Id  daring  tompom- 
hle  constant -voltage  (i.c.  constant-!*,)  test* 
are  also  a* chided  in  the  table  for  comparison. 

The  table  shows  that  the  /*  variation  is 
at  least  as  nasi  daring  constant-ratio  a*  dar¬ 
ing  constant- soltage  stressing.  The  impact  of 
drain  current  variation  on  lifetime  n  that  a 
less  significant  factor  in  constwt- ratio  stress¬ 
ing.  underlining  its  suitability  as  a  hot- carrier 
reUsksBty  test  method. 

The  enriotions  in  V*,  and  /*  during  stress¬ 
ing  at  ftr-wa)  •**  significantly  lest  than  those 
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Figure  2:  V*,,  Id  and  during  constant-ratio 
stress  at  Vf,=  1.4V. 


V* 

It 

Id 

Condi  troa 

C.R. 

C.R. 

C.V. 

Ifftoir) 

4.0% 

2.7% 

3.7% 

0.8% 

0.6% 

0.6% 

Table  i:  Variation  of  Ij,  and  Id  during  hot- 
carrier  stresses  at  constant -ratio  (C.R.)  and 
constant-voltage  (C.V.)  conditions. 
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Figure  3:  Vi,  and  Id  during  constant-ratio  Figure  4:  Measured  device  lifetimes  superim- 
stress  at  posed  on  relevant  Berkeley  lifetime  plot 


at  V^iow)-  This  emphasises  the  desirability 
of  performing  stresses  at  the  condi¬ 

tion  during  a  hot-carrier  characterisation  of 
the  Berkeley  m  and  C  parameters.  (Although 
Vd,  does  not  appear  explicitly  in  eqn.  1,  the 
smaller  the  Vi,  change  the  more  confidence 
there  is  that  the  nature  of  the  degradation 
mechanisms  does  not  change.) 

The  Id  variation  during  the  constant-ratio 
test  is  very  similar  to  that  observed  during 
a  constant-voltage  test  with  the  same  initial 
voltage  conditions.  In  fact,  constant-ratio 
and  constant-voltage  stresses  at  Iqm„)  are 
very  similar  (i.e.  less  than  1%  difference) 
in  all  relevant  respects,  including  device  life¬ 
time.  Constant-voltage  stressing  at  f*(m„ ) 
can  thus  be  used  as  an  acceptable  substitute 
for  constant-ratio  stressing  as  required. 

6  STRESS  LIFETIMES  AT 
LOW  V„ 

Hot- carrier  constant-ratio  stresses  were  per¬ 
formed  at  several  Vt,  points.  The  initial  Vd, 
lot  each  stress  was  that  for  which  the  Berke¬ 
ley  lifetime  contour  was  derived.  Measured 


device  lifetime  versus  gate  voltage  is  plotted 
in  Fig.  4,  superimposed  on  the  Berkeley  life¬ 
time  contour. 

In  the  set  of  measured  points,  the  min¬ 
imum  measured  lifetime  occurs  at  the  same 
Vt,  as  the  Berkeley  minimum  lifetime  predic¬ 
tion.  ' 

7  COMPARISON  OF 

BERKELEY  PREDIC¬ 
TIONS  AND  LIFETIME 
MEASUREMENTS 

The  measured  lifetimes  show  that  the  Berke¬ 
ley  equation  does  not  model  the  depen¬ 

dence  of  lifetime  well.  Agreement  at 
is  good,  since  the  values  of  m  and  C  in  the 
Berkeley  model  were  extracted  at  this  condi¬ 
tion.  However,  the  minimum  lifetime  predic¬ 
tion  is  more  than  an  order  of  magnitude  too 
short. 

The  measured  lifetimes  lie  along  a  smooth 
curve  and  tend  towards  the  Berkeley  predic¬ 
tion  as  V,.  tends  to  the  threshold  voltage  of 
the  device  and  as  V,.  tends  to  the  con- 
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dition. 

The  pessimism  of  the  model  minimum 
lifetime  prediction  has  been  verified  at  less 
accelerated  conditions  on  a  separate  set  of 
W/ L=25(im/l.5(on  n-MOSFET’s.  A  Berke¬ 
ley  lifetime  contour  at  a  certain  Vj,  for  these 
devices  predicted  that  minimum  device  life¬ 
time  at  Fe,  =  1.3V  would  be  14%  times  as 
long  as  that  at  In  fact,  a  test  of 

some  forty  days  duration  showed  that  the  ac¬ 
tual  mean  lifetime  of  a  number  of  devices 
stressed  with  V^,=1.3V  was  87%  of  that  of 
the  mean  lifetime.  This  strongly  sup¬ 

ports  the  assertion  that  low  K.  lifetimes  are 
pessimistic. 

8  ANALYSIS  OF  RESULTS 

The  results  show  that,  at  accelerated  stress 
conditions,  a  Berkeley  model  lifetime  predic¬ 
tion  at  low  gate  voltage  can  be  over  an  order  of 
magnitude  shorter  than  the  actual  measured 
lifetime  at  the  same  condition. 

The  prediction  which  appears,  from  the 
results,  to  be  that  most  affected  by  the  model 
inaccuracy  is  the  minimum  predicted  lifetime 
at  a  given  V, i,.  This  has  implications  for  the 
use  of  the  model  in  the  field  of  industrial  relia¬ 
bility  standards.  Attempts  to  bring  minimum 
lifetime  predictions  above  a  desired  value  may 
lead  to  expensive  over-engineering  and/or  the 
rejection  of  viable  processes. 

Conversely,  if  the  widely-held  assumption 
that  the  maximum  reliability  hazard  exists  at 
the  condition  is  made  when  using  the 

Berkeley  model,  processes  with  substandard 
hot-carrier  reliability  may,  incorrectly,  be  con¬ 
sidered  acceptable. 

The  suitability  of  the  Berkeley  model  for 
use  in  transient  circuit  reliability  simulation 
is  also  suspect,  given  its  inaccuracy. 

The  inaccuracy  of  the  model  at  low  gate 
voltage  precludes  the  possibility  of  low-V^, 
stressing  during  hot -carrier  reliability  charac¬ 
terisations.  Such  a  stressing  condition  may 
have  appeared  desirable  since  the  minimum 


device  lifetimes  occur  here.  However,  the  re¬ 
sults  presented  in  this  paper  strongly  sug¬ 
gest  that  all  characterisation  stresses  should 
be  performed  at  the  condition  when 

using  the  Berkeley  model. 

Since  the  Berkeley  model  fails  to  model 
well  the  K.  dependence  of  lifetime,  a  superior 
model  could  be  expected  to  account  for  device 
gate  voltage.  Such  models  have  recently  ap¬ 
peared  in  the  literature  [6]. 

9  CONCLUSIONS 

A  method  of  hot-carrier  stressing  which  main¬ 
tains  a  constant  ratio  of  substrate  to  drain 
currents  has  been  successfully  demonstrated. 
This  allows  test  results  to  be  used  in  an  ex¬ 
traction  of  the  Berkeley  hot-carrier  model  pa¬ 
rameters  with  minimum  error. 

Lifetime  predictions  made  with  the  Berke¬ 
ley  model  are  seen  to  be  pessimistic,  typically 
by  about  an  order  of  magnitude,  at  and  about 
the  gate  voltage  which  gives  the  minimum  life¬ 
time  prediction  for  a  given  Vj,. 

In  hot-carrier  characterisations  using  the 
Berkeley  model,  hot-carrier  stressing  should 
be  performed  at  the  maximum  substrate  cur¬ 
rent  condition. 

Minimum  device  hot-carrier  lifetime  does 
not  occur  at  the  maximum  substrate  current 
condition,  as  has  been  reported  [1].  This  con¬ 
firms  more  recent  observations  [6]. 
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ABSTRACT 

Using  a  specifically  developed  measurement  setup  and 
a  test  structure  typical  for  analog  applications,  high 
precision  measurements  of  the  stress-induced  offset 
voltage  degradation  of  differential  pairs  are  presented. 
Extrapolation  to  operating  conditions  yields  valuable 
information  for  analog  design  in  the  sub-micron  CMOS 
regime. 

1.  INTRODUCTION 

As  process  development  proceeds  into  the  sub-micron 
regime  the  assurance  of  a  reliable  digital  operation  is 
no  longer  sufficient  to  guarantee  stability  of  analog 
applications  [1-4],  Investigations  ate  demanded  that 
account  for  the  specific  analog  environment,  such  as 
use  of  specific  analog  circuit  layouts,  characterization 
of  typical  analog  device  and  circuit  parameters  and 
application  of  typical  analog  operating  points  in  the  low 
gate  voltage  saturation  regime  for  characterization  and 
stress.  In  this  work  the  degradation  of  the  important 
offset  voltage  of  p-  and  n-channel  differential  input 
stages  is  investigated  which  requires  the  detection  of 
tiny  changes  in  the  matching  of  two  transistors  in  the 
sub-mV  regime. 

X  EXPERIMENTAL  SETUP 

The  lest  structure  consists  of  two  transistors  designed 
far  optimum  matching  as  commonly  used  in  analog 
applications  (Rg.  1)  which  are  implemented  into  the 
measurement  setup  as  ihown  in  the  dashed  rectangle  in 
Rg  2.  Exactly  as  in  real  circuits  the  common  source 
node  of  the  differential  pair  is  coupled  to  a  current 
source  lu„.  The  gate  of  Tj  Is  connected  to  a  fixed 
voltage,  Vqj,  while  the  gate  voltage  of  Tj,  Vqj,  Is 
varied  around  VG1  by  using  a  precision  summing 
amplifier  and  adding  a  tuneable  voltage  v|nl,tirr  For 
vmean>e  v*ried  over  a  wide  range  only  a  snail 
difference  voltage  Vq2-Vg1  results  as  (be  amplifier 
input  gain  for  vmr„,g„  Is  low  (A«l).  Scanning 
Vamro  6001  *  negative  «>  a  positive  value,  an 
equilibrium  situation  occurs  eventually,  with  Ij  •  12. 
Then  Vqj-Vqj  Is  equal  to  the  input  offset  voltage 


which  can  be  calculated  easily  from  the  known  value  of 
V 

T  measure 

A  sufficiently  high  sensitivity  to  detect  the  equilibrium 
case  is  obtained  by  a  procedure  as  described  in  the 
following:  a  current  source  I4  =>  0.5  IbilJ  is  connected 
in  parallel  to  voltage  source  Vqj.  At  equilibrium 
condition,  current  I3  through  Vpj  changes  polarity,  i.e. 
measurement  of  I3  in  the  region  of  interest  can  be 
performed  with  high  resolution. 

The  same  procedure  as  described  for  Tj  is  repeated  for 
T]  by  changing  die  two  coupled  switches.  This 
compensates  for  matching  tolerances  of  the  current 
sources  and  I4.  A  typical  plot  of  current  13  vs. 
input  voltage  difference  is  plotted  in  Rg.  3  where  the 
cross-over  of  the  two  curves  yields  the  offset  voltage. 
This  setup  allows  direct  measurement  of  the  offset 
voltage  to  a  precision  of  10  pV  without  requiring 
adjustments  of  the  external  sources.  With  the  same 
setup  any  do  electrical  stress  and  the  direct  and 
complete  characterization  of  all  electrical  transistor 
parameters  is  possible  by  programming  current  source 
Ibiu  as  a  voltage  source  far  the  source  node  of  Tj  and 
Tj.  In  fact  we  determine  linear  and  output  current 
characteristics,  the  transconductance  gm  and  the 
differential  output  resistance  r^  both  in  saturation, 
and  the  threshold  voltage  both  in  the  linear  and  the 
saturation  regime. 

3.  RESULTS 

Measured  data  of  2  |tm  p-MOSFETs  from  a  0.8  pm- 
5V-CMOS  process  are  depicted  in  Figs.  4-6.  Stresses 
are  applied  to  one  transistor  of  the  pair  only,  thus 
including  the  wont  case  that  occurs  eg.  in 
companion.  In  Fig.  4a  Ok  bot-carrier  induced  offset 
voltage  shows  changes  of  several  mV  after  stress  times 
of  tome  10*  s,  while  the  average  initial  offset  voltage 
for  virgin  pain  la  below  2  mV  in  these  samples. 
Characterization  of  single  transistor  parameters  shows 
negligible  changes  of  the  threshold  voltage  while  the 
drain  current  shows  a  pronounced  degradation  effect 
(Fig.  4b).  Note,  that  the  operating  points  for  drain 
current  characterization  correspond  to  die  bias 
conditions  during  offset  voltage  memurement. 
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Fig.  1:  Tea  aructure 
of  a  differential  pair 
designed  for 

optimum  matching  as 
commonly  used  in 
analog  applications. 
Each  transiaor  is 
divided  into  two 
parts,  which  are 
arranged  and 
coupled  crosswise. 


«3  IMAI 


Fig.  2:  Measurement  setup.  The  tea  aructure  in  Fig. 
emphasized  by  dashed  lines 


is  Fig.  3:  typical  plot  of  current  lj  vs.  voltage 
difference  VG2-Vqj  to  determine  the  offset 
voltage.  l}  is  measured  for  both  possible  switch 
configurations  as  shown  in  Fig.  2.  The  cross¬ 
over  yields  the  offset  voltage. 


The  offset  voltage  degradation  in  Rg.  4a  and  the  drain 
current  degradation  in  Rg.  4b  show  a  strong 
correlation.  This  correlation  holds  for  different 
characterization  points.  As  an  example  in  Rg.  S  a 
higher  (1^1  and  a  correspondingly  higher  (VqsI  are 
compared.  We  obtain  reduced  offset  voltage  but  nearly 
constant  current  degradations. 

Further  experimental  p-MOS-data  are  shown  in  Rg.  6 
where  the  stress  drain  voltage  dependence  is  presented. 
Down  to  JVD  ftreM|  ■  7  V  data  are  available.  The 
procedure  for  extrapolation  to  operating  conditions  is 
depicted  in  Rg.  7,  where  slope  and  intercept  on  the 
time  axis  define  the  degradation  behavior  (cf.  Fig.  6) 
[5].  This  leads  to  very  high  lifetimes  at  operating 
conditions  in  this  specific  process  but  other  processes 
may  exhibit  more  pronounced  degradation  effects. 

In  Rgs.  8  and  9  data  of  2  pm  n-channel  devices  Cram  a 
1  pm-5V-CMOS  process  are  presented.  A  typical  bole 
stress  condition  is  chosen  in  Rg.  8  while  Fig.  9 
presents  data  for  a  condition  with  maximum  interface 


state  generation.  As  in  the  case  of  p-MOS  a  correlation 
between  offset  voltage  and  drain  current  degradation  in 
the  corresponding  operating  points  is  found.  Very  little 
degradation  of  those  parameters  is  found  for  the  data  in 
Rg.  9  leading  to  increased  scatter  on  the  logarithmic 
scale  used. 

Note,  that  the  commonly  used  linear  mode  drain 
current  (triangles,  dashed  lines)  shows  no  correlation 
with  the  offset  voltage:  In  the  case  of  maximum  linear 
mode  drain  current  degradation  (Rg.  9),  only  a  weak 
offset  voltage  change  is  obtained,  whereas  in  the  case  of 
relatively  strong  offset  voltage  degradation  (Rg.  8)  a 
small  linear  mode  drain  current  degradation  results  (cf. 

13]). 

In  general  we  observe  smaller  offset  voltage  changes 
and  greater  extrapolated  lifetimes  as  compared  to  the  p- 
channel  case.  In  fact,  a  detailed  study  shows  that  p- 
channel  device  degradation  is  stronger  in  saturation 
than  in  linear  mode,  while  in  n-channel  devices  the 
inverse  behaviour  occurs  [2,3].  Whereas  usually 
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Fig.  4:  a)  Stress  induced  offset  voltage  degradation  S.Vagset  vs.  stress  time  of  a  p-M  OS  differential  stage,  b)  Stress 
induced  drain  current  degradation  Alp/Ifi  in  the  saturation  regime  vs.  stress  time.  Stress  conditions:  VG.stnss  ~ 
■1.2  V.  VD  slrtss  *-jV.  Device:  conventional  drain  profile.  L  =  2  |m  Process:  0.8  Jim,  5  V,  tox  *=  15  nm. 


Fig.  5:  Same  parameters  and  stresses  as  in  Fig.  4  but  for  different  characterization  operating  points  as  given  in  the 
figure. 


AVcrfi1ei  /  <VQ(fse|>  1%) 


Fig.  6:  Stress  induced  offset  voltage  degradation 
^offset  t  <voffset>  of  p-MOS  differential  stages  vs. 
stress  time  for  different  stress  drain  voltages  and 

VG,stress  -  -L2  V  <yoBstt>  amds  for  the  ™ra8' 
initial  offset  voltage  ana  amounts  to  approximately  2 
mV.  Characterization  with  1^,  “  -200  )iA,  Vpg  »  -1.2 
V.  Device  data  cf.  Fig.  4. 


Fig.  7:  Lifetime  prediction:  Stress  drain  voltage 
dependence  of  slope  and  intercept  T  fS]  of  the  offset 
voltage  degradation  of  p-MOS  differential  stages. 
Characterization  with  l^uu  ~  -200  pA,  VDS  «  -1.2  V. 
Device  data  cf.  Fig.  4. 
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Fig.  8:  a)  Stress  induced  offset  voltage  degradation  &Vagsel  vs.  stress  time  of  an  n-UOS  differential  stage,  b)  Stress 
induced  drain  current  degradation  Mg/Ip  vs.  stress  time.  Stress  conditions:  VG, stress  ~  0  9  K  VD,  stress  “8V  (hole 
stress  condition).  Device:  LDD.  L  =  2  pm.  Process:  1  pm,  5  V,  tox  =  20  nm. 


STRESS  TIME  [s]  STRESS  TIME  Is) 


Fig.  9:  a)  Stress  induced  offset  voltage  degradation  dV^ul  vs.  stress  time  of  an  n-MOS  differential  stage,  b)  Stress 
induced  drain  current  degradation  AI[/Id  vs.  stress  tune.  Stress  conditions:  VGslreu  =  3.5  V,  Vo.stress  -  SV 
( interface  state  generation  stress  condition).  Device  as  in  Fig.  8. 


n -channel  degradation  is  dominant,  this  fact  can  lead  to 
a  prevailing  degradation  of  those  circuit  parameters 
that  depend  on  p-MOS  operation  in  the  saturation 
region.  An  important  one  of  these  is  indeed  the  p-MOS 
differential  stage  offset  voltage. 

4.  CONCLUSIONS 

In  this  contribution  it  has  been  proven  that  for  analog 
applications  a  completely  different  approach  is 
demanded  than  for  the  digital  world.  We  realized  an 
experimental  environment  relevant  for  differential 
stages  by  attesting  an  input  pair  of  transistors  with  a 
typical  analog  layout.  In  an  effort  to  characterize  a 
parameter  of  relevance  for  analog  applications  the 
offset  voltage  was  measured  to  high  precision  by  a 
carefully  chosen  data  acquisition  method.  A  strong 
cone  tattoo  was  found  between  the  stress-induced  offset 
voltage  and  the  drain  current  change  in  the 


corresponding  operating  points  in  p-  and  n-MOSFETs. 
However  the  linear  mode  parameter  used  in  standard 
reliability  tests  showed  uncorrelated  behavior  which  is 
thus  demonstrated  to  be  inappropriate  here. 
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ABSTRACT 

This  study  shows  that  1/f  noise 
measurements  are  a  more  sensitive  diagnostic 
tool  than  dc  measurements  to  detect  hot- 
electron  degradation  in  submicron  n-channe! 
MOSFETs. 


1.  INTRODUCTION 

We  report  the  hot-carrier  degradation 
of  n-channel  MOSFETs  using  the  dc 
characteristics  and  1/f  noise  measurements. 
The  damage  caused  by  hot-carrier  injection 
becomes  visible  as  a  reduction  of  the 
transconductance  and/or  a  shift  in  the 
threshold  voltage,  in  a  decrease  of  the  drain 
current  and  in  a  change  of  the  1/f  noise.  It 
seriously  limits  the  reliability  and  lifetime  of  a 
MOSFET.  All  our  results  are  obtained  on 
wafer  level.  The  n- MOSFETs  used  here  are 
enhancement  mode  types  with  LDD  junctions, 
made  in  a  0.5  urn  technology  by  1MEC, 
Belgium.  The  gate  area  has  an  optical  mask 
width  W=100  j*m  and  a  length  L  varying 
from  0.45  jim  to  10  jim.  The  gate  oxide 
thickness  is  11.3  nm.  The  dope  concentration 
is  1.6*1018  cm'3  in  the  low-doped  region  and 
1.4*10“  cm  3  in  the  high-doped  drain  and  the 
source  regions.  The  devices  were  stressed 
under  the  condition  Vqs=2.0  V  and 
VM=5.0  V,  during  one  hour. 

2.  HOT-CARRIER  EFFECTS  ON  DC 

A  group  of  devices  with  the  same 
channel  width  but  with  different  lengths  was 
investigated.  Each  device  has  its  independent 
gate,  source,  and  drain  terminal.  The  drain 
current  as  a  function  of  the  gate  source 
voltage  Vqs  was  measured  in  the  ohmic  region 
at  Vm=50  mV,  before  and  after  electrical 


stress.  Since  hot-carriers  induce  damage  that  is 
mainly  located  on  the  drain  side,  an 
interchange  of  drain  and  source  (the  so-called 
reverse  mode  (Refs.  1-3)  changes  the  device 
characteristics.  Hence,  all  characteristics  of  a 
post-stressed  device  are  measured  in  the 
normal  mode  and  in  the  reverse  mode.  To 
ensure  that  the  difference  between  these  two 
modes  is  due  to  stress,  we  always  select  a 
virgin  device  with  identical  1^  vs  and  I,JS 
vs  Vqs  characteristics  in  the  reverse  mode  and 
in  the  normal  mode. 

Fig.  1  shows  los  vs  Vos  obtained  from 
a  device  with  a  channel  length  L=1  jim.  Fig. 2 
illustrates  the  ratio  IDs./IDsb  vs  Vos  in  the 
subthreshold  region,  where  los.  is  the  drain 
current  after  stress  and  !«#,  the  one  before 
stress.  Under  the  present  stress  condition  for 
a  1  j*m  device  and  a  10  jim  device,  we  have 
found  a  negative  shift  in  the  threshold  voltage 
Vx.  This  implies  that  positive  charges  are 
trapped  in  the  gate  oxide  (Refs.  4,  5).  These 
excess  positive  charges  may  come  from  the 
holes,  which  are  generated  due  to  avalanche 
multiplication  and  are  trapped  during  stress. 
The  subthreshold  gradient  shows  a  change  (see 
Fig.  2). 

The  drain  current  lps  can  be  written  as 
a  function  of  the  internal  drain-source  voltage 
V*  for  V*  <;  V0*  -  I^R*  (Ref.  6) 


DS 


fKKv*  -  \vi ) 

1 


(1) 


where 
f}  = 

1(1  ♦  W'c  ♦  9CV^  ) 


with  $  and  9C  the  mobility  reduction 
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Fig.  1:  The  measured  IDS  vs  Kgs  before  (solid 
line)  and  after  stress  (dashed  line).  The  normal 
mode  and  the  reverse  mode  coincide. 
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Fig.  2:  The  ratio  IDSJlDSb  vs  V&  in  the 
subthreshold  region:  •  for  the  normal  mode 
and  Q  for  the  reverse  mode. 

coefficients  due  to  gate  voltage  and  velocity 
saturation,  respectively.  The  internal  drain- 
source  voltage  V*  is  related  to  the  external 
drain-source  voltage  by 

K*  -VDS-  IosiR,S  <3> 

with  and  Rw  the  series  resistances  on  the 
source  and  drain,  respectively. 

In  eqn.  (1),  the  effective  gate  voltage 
V0*  is  kept  at  the  same  value  before  and  after 
stress.  The  series  resistance  on  the  source 


side  can  be  assumed  to  be  independent  of 
stress.  So,  the  drain  current  1^  will  change 
with  f)  and/or  V*.  The  ratio  Ii^/lix*,  is  then 
expected  to  be  independent  of  V*  and  VK 
provided  that  R*j+Rw  does  not  change  after 
stress.  As  shown  in  Fig.  3,  the  observed  ratio 
increases  with  VM,  where  the  drain  current 
Ids«  <s  f°r  the  normal  mode  and  1DS„  for  the 
reverse  mode.  This  implies  a  decrease  in  the 
internal  drain-source  voltage  V*  due  to  stress. 
Therefore,  in  accordance  with  eqn.  (3),  there 
is  an  increase  in  RM.  Owing  to  the  positive 
charges  trapped  in  the  gate  oxide  above  the 
low-doped  drain  region,  the  electrons  in  the 
channel  are  more  closely  attracted  to  the 
interface  than  before  stress.  This  has  two 
consequences:  the  current  path  is  more 
constricted  and  the  local  mobility  becomes 
smaller  due  to  surface  scattering.  This  could 
be  an  explanation  for  the  increase  in  the  series 
resistance  RM  on  the  drain  side,  associated 
with  a  negative  shift  in  the  threshold  voltage. 


VM(V) 

Fig.  3:  lDS  (left)  and  the  ratio  of  the  stressed 
lDS  to  the  virgin  lDS  vs  VDS  (right,  •  normal 
mode  and  ■  reverse  mode)  obtained  at 
VG’= 0.60V. 


For  comparison,  the  hot-carrier  stress 
effects  are  also  investigated  for  a  MOSFET 
with  a  channel  length  L=10#im.  A  negative 
shift  in  the  threshold  voltage  and  an  increase 
in  Rm  are  observed  too.  However,  unlike  the 
short-channel  device,  the  threshold  voltage 
decrease  in  the  reverse  mode  (0.12  V)  is 
larger  than  that  in  the  normal  mode  (0.03  V), 
and  there  is  little  change  in  the  low  field 


mobility  /%>.  This  indicates  that  the  hot-carrier 
damage  is  localised  more  on  the  drain  side 
than  for  a  short-channel  device. 

3.DEGRADATION  INCREASES  1/f  NOISE 


The  difference  in  1/f  noise  before  and 
after  stress  is  more  outspoken  than  dc 
characteristics  as  shown  in  Figs.  4  and  5  for 
L=1  jim  and  10  jim,  respectively. 

For  the  same  bias  conditions,  the 
reduction  in  the  drain  current  varies  from  the 
normal  mode  to  the  reverse  mode  with  channel 
length.  It  leads  to  increase  or  decrease  the  1/f 
noise  in  a  post-stressed  device.  However, 
when  the  l/f  noise  is  normalised  for  frequency 
f,  current  1^,  and  charge  carrier  number  N, 


0.1  1  10 


vDS/v0- 


expressed  by  the  a  parameter  for  the  ohmic 
region  (Ref.  7) 


Fig.  4:  The  1/f  noise  in  the  drain  current  vs 
VDS/Vg  (a  virgin  state,  •  after  stress  for  the 
normal  mode  and  ■  for  the  reverse  mode). 


or  the  relative  noise  fS,llM2  for  saturation,  a 
systematic  increase  in  a  (see  Fig.  6)  or  in 
fSj/Ios2  (see  Table  1)  is  observed  after  stress. 
The  channel  current  always  flows  nearer  to  the 
interface  on  the  source  side  than  on  the  drain 
side.  When  the  damaged  part  is  on  the  source 
side,  we  expect  a  higher  1/f  noise.  So,  a 
degraded  device  is  often  noisier  in  the  reverse 
mode  than  in  the  normal  mode.  The 
degradation  degree  is  determined  by  the 
current  density  and  the  electric  field.  These 
two  quantities  differ  for  devices  with  different 
geometry  under  the  same  bias  conditions. 
Hence,  the  damaged  part  decreases  with 
increasing  channel  length. 


4.  CONCLUSIONS 


VDS/V0* 


The  processes  involved  in  bias-stress 
are  complicated  and  can  be  summarised  as 
follows: 

(i)  depending  on  the  stress  conditions,  positive 
and  negative  shifts  in  threshold  voltage  are 
possible;  we  found  negative  shifts  in  both  long 
and  short  devices, 

(ii)  owing  to  the  nonuniform  distribution  of 


Fig.  5:  The  1/f  noise  in  the  drain  current  vs 
VDS/Va'  (a  /a  virgin  state,  after  stress:  */°  for 
the  normal  mode,  "fa  for  the  reverse  mode). 

the  trapped  oxide  charges  in  the  gate  oxide 
layer,  die  threshold  voltage  can  have  a 
nonuniform  value  along  the  channel, 

(iii)  the  mobility  reduction  coefficient  0 
reduces  for  short  channel  and  remains  for  long 
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Table  1.  Change  of  fS,/!^  in  saturation  in  a  MOSFET  (L=10  ^m)  due  to  stress. 


_ normalized  Quantity  fS JhJ _ 1 

v„*  (V) 

mm 

stressed,  normal  mode 

stressed,  reverse 

0.30 

0.90 

L4*lfr“ 

3.o*ia" 

6.1*10-" 

0.60 

1.2*10" 

2.4*10" 

wm 

■vm 

■fBTSQi 

7  7*tfr,J 

— ..3-1:;^ _ 1 

Fig.  6:  The  noise  parameter  a  vs  Vc*  (a  virgin 
state,  •  after  stress  for  the  normal  mode  and  ■ 
for  the  reverse  mode). 

channel.  There  is  an  increase  in  series 
resistance  Rw  on  the  drain  side, 

(iv)  the  position  of  the  depth  of  the  conducting 
channel  on  the  drain  side  can  shift  with  aging, 
so  that  a  noisier  or  less  noisy  part  of  the 
semiconductor  can  be  probed, 

(v)  in  the  ohmic  region,  the  low  field  mobility 
Moo  only  decreases  4% ,  the  1/f  noise  parameter 
a  increases  by  about  100%.  This  makes  a  1/f 
noise  analysis  a  more  sensitive  tool  than  a 
mobility  or  a  transconductance  measurement. 
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RESULTS 


«  processes  evaluated  had  a  prawn  gate 
fngifh  m  the  range  of  i  C  to  0  6pm  (with  5V 
aperermg  v«*age)  and  0  Sum  (wtn  3  3V 
aperefmg  voBage)  Thev  hMOS  transistor 
current  Qn*t  capabiirt.ies  (iOSS  dram  ar- 
rtrtfom  w<Jf-  Q  VGS*V0S*SV)  ranged 
betnari  C  3  amd  0  6  ffVMum.  Whereas  the 
onde  tsctoness  value*  ranged  between  13 
and  20  nm  tor  the  5V  processes  and  9  and 
f  2  nm  tor  the  3  3V  processes 
V  evaluated  technologies  had  standard 
dry  gale  owdes  and  used  2  or  3  levels  of 


metallisation. 

Hot  carrier  degradation  was  performed  on 
wide  nMOS  transistors  with  the  minimum 
designed  channel  length.  In  general  the 
corresponding  effective  electrical  channel 
length  ( calculated  from  the  maximum 
transconductance  In  the  linear  operating 
region  of  a  long  and  wide  device,  end  the 
device  under  test)  was  the  typical  one 
guaranteed  by  the  process  On  some  tech* 
oologies,  results  were  also  obtained  on  de¬ 
vices  having  the  minimum  electrical  chan¬ 
nel  length  as  given  by  the  process,  by 
measuring  on  a  deliberately  shorter  de¬ 
signed  transistor  (generally  0.1  pm  less 
then  the  minimum  allowed  poly  width 
(channel  length)  following  the  layout  rules). 
Hot  earner  results  were  always  collected 
from  fufty  processed,  passivated  wafers,  by 
stressing  the  devices  at  close  to  the  max¬ 
imum  substrate  current  During  stress  gm. 
max  (maximum  gm  defined  at  the  max¬ 
imum  slope  of  the  IDS-VGS  curve  of  the 
linear  operating  region  of  the  transistor  st 
VDS»0  IV)  was  monitored  as  a  function  of 
time  Lifetime  extrapolations  for  10%  gm 
degradation  to  both  the  nominal  and  the 
maximum  supply  voyage  were  obtained 
using  the  methods  published  in  (1). 

An  overview  of  the  results  for  the  different 
technologies  is  presented  m  table  I  Typical 
characteristics  of  the  investigated  tech¬ 
nologies.  such  as  the  'lommel  feature  size, 
the  specified  nominal  current  drive  capa¬ 
bilities  and  the  nominal  gate  oxide  thick¬ 
ness  values  are  shown  as  well  This  pro¬ 
vides  an  idee  about  the  performance  of  the 
investigated  technologies  tt  also  indicates 
whether  the  electrical  effective  channel 
length  of  the  transistors  on  which  the  de¬ 
gradation  was  identified  end  for  which  the 
lifetimes  were  extrapolated  can  be  con¬ 
sidered  typical  or  worst  case  (minimum)  for 
the  technologies  under  consideration. 

For  the  5  V  technologies,  the  results  ere 
shorn  in  figures  1.  2  end  3  where  the  life¬ 
times  obtained  at  the  typical  effective 
length.,  extrapolated  to  the  nominal  supply 


voltage,  are  plotted  as  a  function  of  the 
nominal  effective  length  for  the  different 
technologies  (figl),  the  specified  gate 
oxide  thickness  values  (fig2)  and  the 
specified  current  drive  capabilities  values 
IDSS  (fig3). 

DISCUSSION 


The  influence  of  the  effective  channel 
lengths  for  the  same  technology  can  be  a 
factor  of  2  (technology  number  14)  to  12 
(technology  number  7).  whereas  the  influ¬ 
ence  of  10  %  on  the  supply  voltage  can 
give  a  difference  in  lifetime  between  a  fac¬ 
tor  of  3  (technology  number  1 )  to  more  than 
100  (technology  numbers  2,3).  These 
factors  may  seem  rather  exaggerated,  but 
they  are  based  on  data  provided  by  the 
suppliers,  which  could  not  always  be  veri¬ 
fied  by  our  own  measurements 
Since  most  results  were  obtained  on  tran- 
sitors  with  the  nominal  effective  length  we 
will  restrict  the  rest  of  the  discussion  to  this 
data.  For  comparative  reasons  the  results 
extrapolated  to  the  nominal  supply  voltage 
(5V  for  the  1  0  to  the  0.6pm  technologies 
and  3  3V  for  the  0.5pm  technologies)  will 
be  used 

From  me  curves  of  figures  1  to  3  some 
general  trends  can  be  observed.  The  first 
observation  is  that  the  lifetimes  decrease 
with  decreasing  effective  channel  length. 
However,  technologies  1  and  3,  having  an 
effective  nMOS  transistor  length  of  0  5  and 
0.45pm  respectively  have  better  dc  life¬ 
times  then  many  of  the  longer  transistors  in 
the  0.6  to  0.7pm  range.  In  reference  to  the 
Afferent  0.7pm  transistors  (technology 
numbers  7,9,11,12)  a  difference  in  life¬ 
times  from  2  years  (technology  number  9) 
to  50  years  (technology  number  11)  was 
also  noted. 

The  influence  of  the  oxide  thickness,  as  ob¬ 
served  from  this  study,  is  not  so  clear,  but 
generally  it  can  be  expected  that  this  tran¬ 
sistors  with  thinner  gate  oxides  will  have  a 
shorter  lifetime  compared  to  transistors 


having  thicker  gate  oxides.  This  is  some¬ 
how  contradictory  to  previous  studies  (2) 
and  (3),  but  it  needs  to  be  stressed  that  in 
these  studies  only  the  gate  oxide  thickness 
was  changed,  leaving  the  transistor  struc¬ 
ture  the  same.  This,  of  course,  was  not  the 
case  in  our  study.  Moreover  the  large  scat¬ 
ter  observed  in  our  data  indicates  that  the 
overall  correlation  is  not  good  and  that 
technologies  with  small  and  large  gate 
oxide  thickness  values  can  show  both  good 
(technology  numbers  3,10)  and  bad  life¬ 
times  (technology  number  8). 

The  correlation  between  the  hot  carrier  life¬ 
time  and  the  current  drive  capability  of  the 
nMOS  transistors  for  the  technologies  un¬ 
der  consideration,  is  very  weak.  A  small 
trend  showing  increasing  lifetimes  for  tech¬ 
nologies  with  smaller  drive  currents  can  be 
observed.  Again  techology  3  is  a  clear  ex¬ 
ception  to  this. 

We  may  thus  conclude  that  for  comparable 
technologies  from  the  point  of  view  of 
performance,  an  enormous  difference  in 
lifetimes  is  observed,  ranging  from  a  few 
days  to  more  than  100  years. 

Another  important  finding  from  this  study  is 
that  almost  identical  technologies  can  have 
completely  different  results  when  they  are 
run  in  a  different  wafer  fab.  This  is  the  case 
for  technologies  7,  8  and  9,  which  almost 
have  the  same  process  flow,  but  are  pro¬ 
cessed  at  different  locations. 

These  phenomena  lead  us  to  conclude  that 
clearly  the  influence  of  the  processing  is 
much  more  important  than  generally 
thought  of  and  that  there  can  be  a  strong 
dependency  on  the  process  equipment 
itself. 

This  study  shows  that  the  processing  steps 
which  turned  out  to  be  extremely  important, 
are  those  that  could  have  an  influence  on 
the  trapping  behaviour  and  interface  state 
generation  of  the  gate  oxides.  In  this  re¬ 
spect  we  can  name  all  steps  associated 
with  the  metallisation,  interlevel  dielectric 
deposition,  contact  and  via  etching,  an¬ 
nealing  and  passivation.  This  has  already 
been  reported  in  previous  papers.  For  in¬ 


stance  in  (4)  the  influence  of  the  pas¬ 
sivation  is  discussed,  showing  that  a  plas¬ 
ma  silicon  oxide  under  the  plasma  nitride 
blocks  the  hydrogen  from  the  nitride  to 
penetrate  in  the  gate  oxide,  limiting  the  ex¬ 
cessive  degradation  due  to  the  nitride  pas¬ 
sivation:  References  (5)  and  (6)  discuss 
the  enhanced  hot  carrier  degradation  due 
to  the  presence  of  plasma  TEOS  intermetal 
films  and  a  possible  improvement  due  to 
the  addition  of  an  ECR  (Electron  Cyclotron 
Resonance)  -  Si02  film.  In  all  cases  mois¬ 
ture  or  hydrogen-related  components  were 
indicated  to  be  the  responsible  factors  for 
the  enhanced  degradation  during  the  back¬ 
end  wafer  fab  processing.  This  was  again 
confirmed  by  (7)  where  the  authors  simu¬ 
lated  the  back-end  process  induced  mois¬ 
ture  penetration  by  performing  a  steam 
stress  on  wafers  with  one  metal  layer.  A 
solution  to  this  problem  can  be  the  employ¬ 
ment  of  a  silicon-rich  intermetal  oxide  films 
(9)  having  higher  dangling  bond  density 
than  stoichiometric  oxides. 

In  (8)  the  influence  of  plasma  processing 
steps,  possibly  introducing  radiation  dam¬ 
age  is  discussed,  with  the  possibility  for 
improvement  by  annealing  the  damage  out 
at  a  higher  sinter  temperature. 

As  a  matter  of  fact,  all  of  these  factors  have 
been  considered  to  be  relevant  when  ana¬ 
lysing  the  technologies.  Some  technologies 
improved  from  a  few  days  dc  lifetime  to 
more  than  300  years  after  improving  their 
interlevel  metal  oxides.  On  some  technol¬ 
ogies  the  impact  of  the  plasma  etching  of 
the  second  metal  layer  has  been  found  to 
be  very  strong.  On  other  process  technol¬ 
ogies  the  anneal  step  of  the  barrier  metal 
seemed  to  be  important  for  having  a  good 
dc  hot  carrier  behaviour. 

The  influence  of  the  IDD  structure  used  by 
most  technologies  (some  technologies  em¬ 
ployed  LATID  (Urge  Tilt  Angle  Implanted 
Drain)  but  unfortunately  these  did  not  show 
a  very  good  lifetime)  turned  out  to  be  less 
significant  than  the  influence  of  the  pro¬ 
cessing  steps  previously  mentioned. 
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CONCLUSION 


Contrary  to  what  is  tended  to  be  stated 
nowadays  a  good  dc  hot  carrier  behaviour 
(more  than  10  years  extrapolated  lifetime 
for  10  %  gm  degradation  at  the  nominal 
circuit  supply  voltage)  can  be  obtained  by 
taking  into  account  the  enormous  influence 
that  the  wafer  processing  can  have  on  the 
trapping  properties  of  the  gate  oxides  and 
interface  states  and  subsequently  the  life¬ 
time  associated  with  hot  carrier  degrada¬ 
tion.  A  careful  study  of  the  influence  of  the 
equipment  during  metallisation,  as  well  as 
the  optimisation  of  some  key  processing 
steps  just  before,  during  and  after  met¬ 
allisation  can  result  in  a  dramatic  improve¬ 
ment  of  the  hot  carrier  lifetime,  even  by 
several  orders  of  magnitude. 
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5  V  processes 
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Table  1:  Overview  of  the  extrapolated  lifetimes  obtained  on  the  different  technologies, 
as  a  function  of  the  effective  length  of  the  stressed  transistors  and  the  voltage  to  which 
the  lifetimes  are  extrapolated.  Information  about  the  technologies  is  given  by  their  nominal 
feature  size,  oxuide  thickness  value  and  current  drive  capability  of  the  nMOS  transistor. 
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.  Fig.  1:  DC  hot  carrier  lifetimes,  extrapolated  to  S  V,  obtained  on  the  NMOS 

transistor  with  typical  effective  length.  The  results  show  the  dependence  of 
i  '  lifetime  on  the  effective  channel  length. 
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Fig.  2:  DC  hot  carrier  lifetimes,  extrapolated  to  5  V,  obtained  on  the  NMOS 
transistor  with  typical  effective  length.  The  results  show  the  dependence  of 
lifetime  on  the  nominal  gate  oxide  thickne*'. 
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Fig.  3:  OC  hot  carrier  lifetimes,  extrapolated  to  5  V,  obtained  on  the  NMOS 
transistor  with  typical  effective  length.  The  results  show  the  dependence  of 
lifetime  on  the  nominal  NMOS  IDSS  current  of  the  technologies. 
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ABSTRACT 

Based  on  in-process  defect  monitor  data  and 
layout  related  Monte  Carlo  calculations  we 
predict  the  yield  of  I C  metal  layers  and  the 
probabBty  that  missing  metal  defects  reduce 
the  IC  reliability.  The  Influence  of  such  defects 
on  eiectromigration '  failure  distributions  is 
investigated  by  experiments  on  submkron  test 
structures. 


I.  INTRODUCTION 

For  VLSI  circuits  low  ppm  early  failures  are 
required. 

Both  yield  and  reliability  are  determined  by 
process  induced  defects  dominated  by 
metallization  defects  (Ref.l).  The  relationship 
between  yield  and  reliability  and  the  influence  of 
the  defect  density  has  been  discussed  in  (Ref.2). 
For  the  layout  specific  prediction  of  yield  it  is 
necessary  firstly  to  know  the  defect  density  and  the 
defect  size  distribution  of  tbe  process  and  secondly 
to  simulate  the  influence  of  randomly  distributed 
defects  on  the  electrical  function  of  IC's. 

Yield  modeling  and  prediction  has  been  well 
documented  in  the  literature  (Refs.  3,4). 

The  tools  described  in  this  paper  contain  mask 
sets  for  defect  monitor  drips,  programs  for 
automatic  chip  testing,  software  for  extraction  of 
defect  distribution  parameters  and  software  for 
Monte  Carlo  calculations  in  order  to  estimate  tbe 
defect  size  depending  failure  probability  of  IC's. 

For  state  of  the  art  VLSI  metallization  processes 
all  early  failures  due  to  dectromigratioo  are 
expected  to  be  defect  related.  These  defects  are 
due  to  missing  metal  which  reduces  tbe  line  width 
and  causes  increasing  local  current  density. 

This  paper  shows  bow  tbe  probability  of  missing 
metal  defects  can  be  predicted  for  IC  layouts  by 
embedding  Monte  Carlo  simulations  in  the 
CADENCE  design  system. 

In  this  context  the  influence  of  tbe  defect  induced 
reduction  of  line  width  on  electromigration 
induced  failures  has  to  be  known.  Previous 
experimental  work  involving  such  defects  has 
been  carried  out  by  Kemp  at  al.  (Ref.5)  who 
measured  3  pm  wide  stripes. 


In  chapter  4  test  structures  for  eiectromigratioo 
tests  of  VLSI  typical  submicron  lines  with 
designed  defects  of  SO  and  80%  are  described. 
First  results  of  eiectromigratioo  measurements  will 
be  available  in  June  1994. 


2.  DEFECT  SIZE  DISTRIBUTION 

The  test  chip  comprises  24  metal  comb-meander- 
comb  sub-chips  for  design  rules  with  lines  and 
spaces  of  l.G/06pm,  1.4/1. Opm  and  1.8/1.4pm 
with  an  area  of  7.35  mm1  each  and  we  have 
fabricated  test  wafers  using  the  test  chip  (Ref.6). 
Using  an  automatic  parametric  test  system  HP 
4062UX  the  resistivity  of  the  metal  lines  is 
measured.  In  this  way  opens  and  shorts  are 
detected.  Because  of  tbe  different  geometries  it  is 
possible  to  classify  the  shorts  and  opens  in  6  and  3 
different  size  defect  classes  respectively. 
Furthermore  tbe  measurement  allows  the 
determination  of  the  chip  coordinates  of  defects 
for  defect  analysis. 

Tbe  number  of  defect  sub-chips  of  class  i  failing 
by  shorts  as  measured  by  the  test  system  is  given 
by 


Ni=  n  D  AcrilJ(x)S(x)dx  (1) 


where  n  is  the  total  number  of  tested  modules,  x 
tbe  defect  size,  S(x)  the  defect  size  distribution,  D 
the  defect  density.  w;  the  space  between  the  metal 
lines  and  A,^  (x)  the  critical  area.  The  sub-chip 
will  fail,  if  the  defect  is  centered  in  tbe  critical 
area. 

To  determine  S(x)  and  D  we  use  tbe 
approximation  (Ref.4) 


S(x>* 


2ftn-l)x>-»> 

(m-t-Dx® 


(2) 


where  Xq  is  tbe  fixed  cutoff  defect  size.  We 
calculate  the  parameters  m  and  D  by  fitting  tbe 
experimental  data  by  (1)  and  (2). 

Fig.  1.  shows  tbe  product  of  defect  density  and 
defect  size  distribution  depending  on  defect  size 
for  different  Iocs  of  test  wafers. 
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Fig.l  Defect  size  distribution  for  shorts  tad 
opens  for  'normal*  and  'bad*  lots 


3.  PROBABILITY  of  fault  and  of 
MISSING  METAL  DEFECTS 

To  determine  the  yield  of  good  chips  for  a  known 
defect  distribution  of  the  fabrication  process  it  is 
necessary  to  analyse  the  layout  of  the  chip. 
Analytical  approaches  to  calculate  the  critical  area 
from  the  layout  data  are  proposed  in  (Ref. 7). 

In  this  paper  we  describe  a  new  method  which  is 
based  on  statistical  Monte  Carlo  analysis. 


Flg.2  Typical  generated  defects  in  a  processor 

layout  a)  open,  b)  short,  c)  missing  metal 

To  calculate  the  probability  K(x)  which  describes 
that  a  defect  of  size  x  will  result  in  fault  of  the 
chip  some  thousands  of  metal  layer  defects  are 
randomly  generated  in  the  chip  area.  The  defects 


are  assumed  to  have  a  square  shape.  For  each 
generated  defect  it  is  checked  whether  the  defect 
results  in  a  fault  or  not  The  ratio  of  defects 
resulting  in  a  fault  is  K(x). 

We  use  this  method  for  shorts  and  opens  and  for 
the  first  time  for  missing  metal  defects. 

In  case  of  missing  metal  defect  the  amount  of 
residual  line  width  is  estimated.  If  this  width  is 
more  than  Sw  we  assume  that  no  fault  occurs. 
Opens  are  not  counted  as  meal  missing  defects. 
Fig.  2  shows  a  pan  of  a  processor  layout  designed 
in  our  institute  with  generated  shod,  open  and 
missing  metal  defect  The  smallest  lines  and 
spaces  are  2pm  the  chip  area  is  nearly  lorn1. 

Fig.  3  shows  the  resultant  K(x)  curves  for  shorts, 
opens  and  missing  metal  defects.  In  our  model 
calculations  we  assumed  5w  =  1pm 


0  1  2  3  4  6  S  7  S  •  10  11  12  13  14  <6 


x  [pm] 

Fig.  3  Processor  layout  related  fault  probability 
for  shorts,  opens  and  missing  metal 
defects 

K(x)  for  missing  metal  begins  to  increase  for 
x=lpm  when  K(x)  for  opens  and  shorts  is  still 
zero. 

The  yield  Y  is  related  to  the  layout  effective 
defect  density  and  the  chip  area  A: 

Y=exp(-DeffA)  (3) 

with 

«© 

D  JS(x)K(x)dx  (4) 

0 
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Table  1  contains  for  tbe  processor  and  several 
defect  types  tbe  predicted  data  for  Y  and  Drff 
It  can  be  seen  that  a  low  result  in  yield  for  opens 
(had  lot)  correlates  with  a  catastrophic  high 
density  of  layout  effective  missing  metal  defects. 
This  fact  ist  caused  by  the  more  than  proportional 
increase  of  S(x)  in  the  x -range  between  1  and  2pm 
and  tbe  non-zero  contribution  of  K(x)  for  missing 
metal  defects  in  this  range. 

For  high  defect  densities  there  is  a  considerable 
probability  that  more  than  one  electrical  effective 
defect  bits  tbe  chip.  Thai's  why  in  the  case  of  tbe 
bad  lots  in  contrast  to  equation  (3)  the  binominal 
model  was  used  to  calculate  tbe  yield  of  defect 
free  cbips. 

About  15%  of  the  bad  lot  chips  are  affected  with 
more  than  10  electrical  effective  missing  metal 
defects. 


Table  1: 


defect  type 

D-tr 

[cm"2] 

Y 

[%] 

shorts 

0.3 

78 

opens,  normal  lot 

0.1 

94 

opens,  bad  lot 

2.2 

20 

missing  metal,  normal  lot 

0.3 

78 

missing  metal,  bad  lot 

9.0 

0.04 

Based  on  data  like  shown  in  table  1  it  is  possible  to 
discuss  allowable  yield  boundaries  in  respect  to 
ppm  early  failure  goals. 


4.  MISSING  METAL  DEFECTS  AND 
ELECTROMIGRATION  BEHAVIOUR 

Depending  on  tbe  defect  data  of  tbe  fabrication 
process  and  1C  integration  level  a  definable 
number  of  metal  missing  "reliability  defects"  is 
expected. 

It  is  to  investigate  which  amount  of  relative  line 
width  reduction  can  cause  electromigration 
induced  early  failures. 

Lloyd  (Ref.8)  measured  the  failure  distribution  of 
12,5pm  wide  stripes,  Menon  (Ref.5)  of  3pm  stripes 
of  materials  with  different  grain  sizes.  Tbe  results 
were  different  and  depend  on  material,  grain 
structure,  line  geometry  and  tbe  amount  of  5w. 

We  designed  test  structures  with  VLSI  typical 
lines  in  tbe  range  from  0.6  to  3.0  pm  with  50  and 
80%  metal  missing  defects.  Fig.  4  shows  a  typical 
example  of  a  designed  defect  with  line  width  of  1 
pm  and  50%  missing  metal. 

In  contrast  to  (Ref.5)  also  teststripes  with  more 
than  one  defect  were  designed.  In  ibis  way  there  is 
a  sufficient  probability  that  defects  hit  grain 


boundaries  or  triple  points.  By  comparing  failure 
distributions  for  defect-free,  one-defect  and  multi- 
defect  test  strips  defect  induced  electromigration 
failure  mechanisms  can  be  analysed  and  we  can 
prove  which  amount  of  line  removal  alters  failure 
distributions. 


Fig.4  Typical  designed  defect,  line  width  1pm 
(while  scale:  1pm) 

It  is  reported  by  Hu  (Ref.9)  that  circuit  simulation 
allows  to  flag  metal  lines  that  pose  reliability 
hazards  due  to  high  current  densitiy. 

The  connection  of  such  activities  with  the  models 
and  methods  described  in  this  paper  would  result 
in  a  nearly  realistic  simulation  of  the 
electromigration  induced  early  failure  problem. 


5.  CONCLUSIONS 

Model  calculations  and  electromigration  measure¬ 
ments  on  stripes  with  missing  metal  reliability 
defects  showed  for  IC  metal  layers  a  definable 
correlation  between  yield  and  early  failure  risk. 
Tbe  proposed  models  and  algorithms  are  essential 
first  steps  on  the  way  to  circuit  simulation  with 
respect  to  reliability  and  early  failures  of 
interconnects. 
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ABSTRACT 

An  in-depth  analysis  of  the  write/erase  degradation  of 
source-side  injection  Flash  EEPROM  devices  is 
performed,  which  reveals  two  mechanisms  underlying 
this  degradation:  a  decrease  of  the  charge  per  cycle  on 
the  floating  gate,  accompanied  by  the  series  effect  of 
oxide  and  interface  charges  locally  trapped  above  the 
channel.  In  addition,  the  main  disturb  effects  are 
characterized  and  shown  to  be  non -critical  for  reliable 
cell  operation. 


I.  INTRODUCTION 

Flash  EEPROM  devices  which  rely  on  source-side 
injection  (SSI)  for  5V-only  programming  have  received 
a  lot  of  interest  during  the  past  few  years  (Refs.  1-5). 
Most  of  these  concepts  use  a  triple-gate  structure  which 
exhibits  an  inherent  immunity  to  soft-write  and 
overerase  effects  (Refs.  1, 3, 5). 

In  this  paper,  two  important  reliability  aspects  are 
investigated  on  the  High  Injection  MOS  (HIMOS) 
device.  (Refs.  3-6),  which  is  a  typical  example  of  a  SSI 
cell.  Firstly,  the  different  mechanisms  contributing  to 
the  Write/Erase  (W/E)  degradation  are  studied  by 
combining  UV -erasure  and  IV-measurement  with  a 
charge  pumping  (CP)  analysis.  It  is  found  that  the 
degradation  is  due  to  the  combination  of  a  positive  shift 
of  the  threshold  voltage  (V|)  both  in  the  high  and  low 
Vi-state  caused  by  oxide  and  interface  charge  at  die  split 
point,  and  a  decrease  of  the  charge  injected  per  cycle 
onto  the  floating  gate  in  both  Vt-states.  Secondly,  the 
main  disturb  effects  that  can  affect  the  margins  for 
proper  read-out  of  the  cell,  have  been  identified  and 
characterized.  These  effects  are  shown  to  be  well- 
cootrolled  and  have  adequate  margin. 

2.  DEVICE  STRUCTURE  AND 
OPERATION 

As  a  typical  example  of  a  SSI  device,  the  recently 
reported  HIMOS  cell  has  been  studied.  This  device 
combines  fast  5V-only  programming  features  with  a 
low  development  entry  cost  through  the  combination  of 
a  split-gate  structure  and  a  coupling  capacitor  which 
increases  the  channel  hot-electron  injection  (CHEI) 
efficiency  by  several  orders  of  magnitude  (Ref.  4).  Two 
perpendicular  cross-sections  of  the  HIMOS  device  are 
shewn  in  Fig.  1. 


SG  Y  TO 
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Fig.  1:  Two  perpendicular  cross-sections  of  the 
HIMOS  cell  with  typical  programming 
voltages. 


The  memory  cell  is  fabricated  in  a  standard  0.7-jrm 
double  polysilicon  process.  The  oxide  under  the  floating 
gale  (K3)  is  8.5  nro  thick  and  the  interpoly  dielectric 
layer  is  a  thermally  grown  polyoxide  with  a  thickness 
of  30  nm.  The  cell  is  programmed  by  enhanced  CHEI 
at  the  split  point  and  erased  by  Fowler-Nordheim  (FN) 
tunneling  of  elections  from  the  FG  towards  the  drain 
junction.  The  externally  applied  terminal  voltages  for 
each  of  the  different  operating  modes  are  summarized  in 
Table  1. 


source 

drain 

SG 

PG 

write 

0 

5 

1.5 

12 

erase 

- 

5 

0 

-12 

read 

0 

2 

3 

0 

Table  1:  Typical  operating  voltages  for  the  HIMOS 
device. 

In  order  to  allow  a  proper  investigation  of  the  W/E- 
degradation,  a  device  with  a  large  capacitance  between 
the  FG  and  the  program  gate  (FG)  has  been  used  (cell 
area  <°  50  ftm?).  In  this  case  the  displaced  charge  per 
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cycle  is  much  larger  than  for  a  smaller  cell  with  the 
same  Vp  window  and  thus  die  degradation  is  enhanced. 
An  arbitrary  VfWtndow  Grom  -3V  to  +3V  is  chosen. 
The  threshold  voltage  is  defined  at  a  fixed  drain  current 
ofl  |tA.  a  drain  bias  (Vd)  of  2V  and  select  gate  voltage 
(Vsg)  of  3  V.  These  conditions  correspond  to  the  read¬ 
out  operation.  Once  the  mechanisms  leading  to  the 
W/E-degradation  have  been  identified,  a  practical  case 
will  be  considered  using  a  cell  that  has  been  developed 
for  use  in  a  virtual  ground  array  (VGA)  architecture 
(Ref.  6).  This  configuration  results  in  a  cell  that 
provides  microsecond  5V-only  programming  in  a  0.7- 
pm  technology  for  a  competitive  cel 1  area  of  16.3  pm^ 
and  a  PG  voltage  of  only  12V.  For  this  particular  cell, 
the  implications  of  repeated  W/E- cycling  on  the 
position  and  magnitude  of  the  Vpwindow  will  be 
discussed.  This  cell  has  also  been  chosen  for  studying 
the  main  disturb  mechanisms  affecting  the  HIMOS  cell. 

3.  WRITE/ERASE  DEGRADATION 
3.1  Endurance  behaviour 

The  HIMOS  cell  is  written  by  enhanced  CHE1  at  the 
split  point.  This  results  in  charge  trapping  and 
generation  of  interface  traps  (Ref.  4).  Erasure  is 
performed  by  FN-umneling  at  the  drain,  which  also  has 
been  known  to  result  in  charge  trapping  and  creation  of 
interface  naps. 

The  standard  procedure  for  degradation  studies  is  an 
endurance  measurement  in  which  the  high  and  low 
threshold  voltages  are  monitored  as  a  function  of  the 
number  of  W/E-cycles.  However,  such  a  measurement 
reflects  the  combined  effect  of  all  possible  mechanisms 
contributing  to  the  degradation.  A  typical  endurance 
characteristic  is  shown  in  Fig.  2.  As  can  be  seen,  the 
low  threshold  voltage  (Vji)  shows  a  large  increase  with 
the  number  of  W/E  cycles  suggesting  a  strong 


#  Cycles 

Fig.  2:  HIMOS  endurance  characteristic  under  read-out 
conditions:  a  cell  with  a  large  coupling 
capacitor  was  used  in  order  to  accelerate  the 
W,£ -degradation. 


degradation  of  the  read-out  current,  whereas  the  high 
threshold  voltage  (V*)  appears  to  be  little  affected  by 
the  repealed  W/E -operations.  In  order  to  disclose  the  true 
nature  of  the  degradation,  two  techniques  have  been  used 
for  separating  the  impact  of  possible  damage  within  the 
cell  channel  and  the  impact  of  changes  in  FG  charge 

3.2  fapgifflsnial  juaccduca 

One  way  of  separating  the  different  effects  contributing 
to  the  W/E -degradation  is  by  eliminating  the  charge  on 
the  floating  gate.  This  can  be  done  by  illuminating  the 
device  with  ultraviolet  (UV)  light,  prior  to  and  at 
different  stages  of  cycling,  in  order  to  discharge  the  FG. 
This  mechanism  is  self-limiting  and  the  cell  always 
ends  up  with  the  same  reference  charge  on  the  FG.  Ir. 
this  way,  it  is  possible  to  reveal  only  the  damage  that 
may  have  occurred  within  the  transistor  channel. 

A  second  powerful  method  is  the  charge  pumping  (CP) 
technique  (Ref.  7).  Tn  a  CP-measurement,  the  magnitude 
of  the  CP-current  (Icp)  is  proportional  to  the  density  of 
interface  traps  Du,  and  the  voltages  corresponding  to  the 
transition  edges  of  the  CP-current  are  related  to  the 
threshold  voltage  and  the  flatband  voltage.  A  CP- 
measurement  is  very  useful,  since  it  is  sensitive  to  areal 
non-uniformities  in  both  V|  and  D,(  (Ref.  7). 

3,3.  Analysis 

Fig.  3  shows  the  Id-Vpg  characteristics  after  UV-crasurc 
for  different  W/E-cycles.  The  bias  conditions  correspond 
to  the  read-out  conditions,  which  were  also  used  in  the 
Vi-endurance  measurement  (Fig.  2).  Three  observations 
can  be  made  from  Fig.  3. 

1)  Cycling  induces  a  very  large  positive  Vr shift  after 
UV-erasure.  This  means  that  V(  of  the  FG  channel  has 
been  locally  increased  by  oxide  and/or  interface  charges 
above  the  channel.  These  charges  cause  a  series  effect  on 
the  Vr  measurement.  Since  programming  of  the  cell 
occurs  at  the  split  point,  whereas  erasure  occurs  at  the 
drain  outside  the  channel,  the  Vfincrease  can  be 
expected  to  be  at  the  split  point. 

2)  After  cycling,  a  degradation  of  the  subthreshold  slope 
is  observed.  This  subthreshold  slope  degradation  is  a 
measure  of  the  increase  in  Dit  and  has  to  be  accounted 
to  when  choosing  Vth  in  order  to  minimize  leakage 
through  written  cells  after  cycling. 

3)  The  Vt-shift  at  l|iA  observed  in  Fig.  3  is  much 
smaller  than  the  shift  of  Vt|  in  Fig.  2,  which  is 
measured  at  die  same  current  level.  This  means  that, 
besides  the  series  effect,  the  charge  per  cycle  that  is 
removed  from  the  FG  diminishes  with  cycling. 
Likewise,  in  the  written  state  V(h  in  Fig.  2  almost 
remains  constant,  while  a  large  shift  occurs  after  UV- 
erasure.  This  again  indicates  a  decrease  of  the  charge  per 
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same  mechanism  (FN-tunwJing  £rom  substrate  to  FG) 
and  can  agio  be  neglected  in  a  large  my. 

41  Drain  tlamb 

During  programming  and  read-oat,  any  written  cells 
<  sharing  the  saae  bit  line  as  the  cell  bang  programmed 

or  read  are  subject  to  an  electric  field  at  the  FG  -to-dnio 
I  overlap.  This  can  result  in  charge  loss  due  to  FN- 

tunneling  boa  the  FG  towards  the  drain.  Fig.  9 
presents  data  (or  a  cell  in  the  high  Vr state  and  shows 
the  area  time  required  to  induce  a  Vt-shift  of  iOOnV 
as  a  function  of  the  inverse  of  the  drain  voltage.  A 
threshold  voltage  of  2V  has  to  be  considered  in  onfer  to 
Meet  the  qtecifkations  induced  by  the  endurance,  as 
captained  in  a  previous  section.  The  worst  case 
|  coadttoa  ocean  far  a  ceO  that  is  aoc  selected  hot  which 

;  shares  ks  bit  fane  with  a  cell  being  tend  or  programmed. 

Such  MMCtecied  edit  have  a  grounded  SO,  and  thus  no 
voltage  it  coupled  boot  dte  SO  to  the  FO.  Under  these 
worst-caee  conditions,  cawpoletion  towards  10  years 
i  tadkmt  that  the  drain  read-out  voltage  can  be  m  high 

[  as  3_2V.  This  higher  immunity  to  drain  disturb  as 

compared  to  stached  gate  cells  is  due  to  the  much 
tidier  escets  *»g—*w  charge  on  the  FG  in  the  written 
state 

>  When  a  cell  is  on  the  tame  bh  tine  as  a  ceO  being 

programmed,  it  tees  )V  m  its  dram.  Due  to  the  sector 
|  erase  feature,  the  drain  disturb  time  during  5V- 

progtammwg  is  defined  m  the  product  of  programming 
tune,  number  of  cycles,  and  number  of  wordlines, 
which  is  typically  a  the  order  of  2000s.  This  was  bond 
■  to  correspond  to  a  Vr  stult  of  JOOmV.  which  is  still 

reanoftsbfy  snail. 


Due  to  the  small  coupling  ratio  between  SG  and  FG.  a 
large  electric  field  is  established  in  the  oxide  between 
SG  and  FG  during  read-out  conditions.  This  causes  a 
soft-erase  effect  on  a  written  cell  via  FN-tunneling 
through  the  interievel  polyoxide  between  FG  and  SG. 
Fig.  10  shows  the  SG  disturb  characteristic  for  a  high 
threshold  voltage  of  2V.  The  data  predicts  that  a  SG 
voltage  as  high  as  4  JV  is  necessary  to  induce  a  VfShift 
of  only  100m  V  after  10  years  for  a  high  threshold  state 
of  2V.  Therefore,  because  of  the  soft-write  immunity 
and  the  small  drain  disturbance  (Fig.  9).  a  drain  voltage 
of  2V  can  be  used  during  read-out,  while  the  SG  voltage 
only  needs  to  be  3 V  in  order  to  ensure  a  read-out  current 
of  100  pA.  A  large  margin  with  respect  to  the  drain 
and  SG  disturb  effects  is  thus  obtained. 
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Fig.  10:  Wont  case  select  gate  disturb  characteristics 
foe  a  written  cell 


5.  CONCLUSIONS 

In  this  paper,  it  has  been  Biown  that  the  classical 
endurance  characteristic  (threshold  voltage  versus 
number  of  cycles)  is  not  sufficient  in  order  to 
rharacterue  the  degradation  of  source-side  injection 
devices  after  writc/ausc -cycling.  This  is  a  consequence 
of:  (1)  the  charge  on  the  floating  gate  not  being 
proportional  to  the  threshold  voltage  due  to  the  senes 
effect  of  die  localised  degraded  region:  (2)  the  read-out 
current  not  being  proportional  to  die  difference  between 
d*  gMe  lead-out  voltage  and  the  erased  threshold  voltage 
due  to  die  presence  of  a  aeries  select  gate.  Furthermore, 
the  leakage  current  through  written  cells  needs  to  be 
i'.'irmmaid  for  when  choosing  die  high  threshold  Bate, 
by  providing  an  additional  margin  for  subthreshold 
degradation  after  wrileArase -cycling  Gate  and  drain 
induced  program  daaub  mechanisms  in  H1MOS  devices 
mt  shown  to  be  well  controlled  and  have  adequate 
margin  A  novel  disnub  mechanism,  soft-erase  towards 
die  select  gate,  has  been  found  to  be  non -critical  for 
normal  device  operation. 
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ABSTRACT 

After  shown  that  the  origin  of  the  degradation  of  PNP 
lateral  transistors  of  a  I2L  test  cells  is  negative  trapped 
charges  in  gate  oxide  induce  by  plasma  etching,  we 
have  developed  a  modelling  of  the  threshold  voltage  of 
the  PMOS  transistor  associated  to  the  PNP  one  which 
shows  that  the  degradation  can  only  be  explained  by 
taking  in  to  account  a  location  of  trapped  charges  both 
close  to  the  drain  and  to  the  source.  In  the  present  work, 
from  a  modelling  of  the  relation  between  the  current 
gain  of  the  lateral  PNP  bipolar  transistor  and  the 
threshold  voltage  of  the  associated  PMOS,  we  have 
defined  a  criteria  which  allows  to  improve  the  reliabilty 
of  the  I2L  process.  Finally,  we  expose  some  solutions 
for  the  improving  of  technological  process. 


1-  INTRODUCTION 

To  analyse  the  quality  of  a  process  involved  in  I2L 
technology,  it  is  usual  to  insert  in  the  test  cells  lateral 
bipolar  transistors  the  base  of  which  is  overlayed  by 
thermal  and  deposited  oxides  and  by  the  emitter 
metallization.  This  configuration  creates  a  parasitic 
PMOSFET,  as  shown  in  figure  1,  which  allows  to 
characterize  the  PNP  lateral  bipolar  transistor. 

The  analysis  of  the  electrical  characteristics  of  some 
500  bipolar  transistors  and  their  parasitic  MOSFET 
have  shown  a  correlation  between  the  MOS  threshold 
voltage  (Vth)  and  the  bipolar  current  gain  (Hfe).  In 
previous  works  [1],  the  authors  explained  this  variation 
by  the  effect  of  negative  oxide  charges  trapped  at 
deposited  oxideAhermal  oxide  interface  which  induce 
inversion  mode  in  the  base  layer  (or  MOSFET  channel) 
and  reduce  its  electrical  width.  They  have  also  shown 
from  electrical  test  during  the  process  and  from 
literature  [2-4]  that  charges  are  introduced  during  the 
nitride  plasma  etching.  From  these  results,  they 
proposed  a  modelling  of  the  threshold  voltage  to  explain 
the  degradation;  they  showed  that  only  a  symetrical 
location  of  oxide  trapped  charges  close  to  the  emitter 
and  close  to  the  collector  allows  to  explain  the 
behaviour  of  the  structures  [2],  In  this  case,  the 
threshold  voltage  variation  is  expressed  by  the 
following  formula  (1): 


av,k=  &NSS  f i .  A  / ,  lnff2:yffi  ' /  ln(Ri+L)/RA 
A  ^  Cox  l  V  ‘  ln(R2/Ri)  \  1  ln(R2/Ri)  J 

(1) 


Parasitic  PMOSFET 
B  C  E  r*  Gate  • 


Figure  1.  Schematic  cross-section  of  the  structure.  The 
geometry  is  cylindrical. 


Figure  2.  Variation  of  Hpg  versus  Vth  of  degraded 
structures.  Note  the  linearity  of  this  curve.  The  straight 
line  corresponds  both  to  the  less  mean  square  curve 
and  to  the  modelling  one. 
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where  R|,  R2.  and  L  are  defined  in  figure  1;  Nssis  the 
surface  state  density  of  trapped  charges,  Cox  the  o*'de 
capacitance. 

In  the  present  work,  we  develop  a  modelling  of  the 
ament  gain  HfH  to  explain  the  correlation  with  the 
threshold  voltage  Vth  experimentally  observed,  as 
shown  in  figure  2;  the  current  gain  varies  linearly  in 
function  of  the  threshold  voltage.  By  the  control  of  this 
correlation  we  then  propose  solutions  for  improving  the 
technological  process. 


The  current  component  I]  is  determined  by  using  p(r).; 
I3  and  I4  are  approximated  by  the  currents  calculated  in 
a  one-dimensional  junction.  Thus. 


j,  c  _?3?gDp  ^  ex_  /9YEB) 

11  ln(R2/Ri)  N4  exp(  kT  } 

I3  =  2qJtZDn^-exp 

l4-qttRi2D„|^exp(a^fi) 


(7) 


2.  MODELUNG  OF  THE  CORRELATION 

The  modelling  of  the  current  gain  takes  into  account  the 
circular  geometry  of  the  device,  the  low  doping  level  of 
the  base  and  the  decrease  of  the  effective  base  width 
due  to  the  trapped  charges  in  the  overlayed  oxides.  In 
this  case,  the  holes  diffusion  length  is  higher  than  the 
effective  base  width;  since  the  differential  equation  for 
minority  carrier  distribution,  p(r),  in  the  base  is: 

r3^+rMj  =  0  (2) 

dr2  dr 

this  expression  is  a  special  form  of  the  EULER 
differential  equation,  the  solution  of  which  is: 

p(r)  =  A  +  B  ln(r)  (3) 

The  constants  A  et  Bare  determined  with  the  boundary 
conditions : 


p(R2)  =  0 


P(Rl)  =  ^  (exp(3^B)  -  Ij 


then. 


p(r)  = 


ln(R2/r)  nj2 

ln(R2/Ri)Nd 


[exp^-lj 


W 


(5) 


Nd  is  the  doping  concentration  of  the  epilayer  (base  of 
the  transistor);  Veb,  k.T,  and  ni  have  the  usual 
meaning. 

An  approximate  expression  of  the  current  gain  is 
obtained  by  using  the  various  current  components 
shown  in  figure  3,  where, 

-  Ij  and  I2  are  the  lateral  and  vertical  hole  currents, 

- 13  the  lateral  electron  current, 

-  4  the  vertical  one. 


Neglecting  the  recombination  currents  and  assumimg 
that  4  is  higther  than  I2,  an  estimate  of  the  current  gain 
is  given  by : 

(6) 


where  the  cross-sectional  areas  are  chosen  as 
Ai  =2bZR2,  A3=  2itRiZ  and  A4  =  it  Rj2  for 
current  components  1 1. 13,  and  I4  respectively.  Na  is  the 
doping  concentration  of  the  p-type  layer  (collector  and 
emitter).  Dp  and  Dp  are  the  diffusion  coefficient  of 
holes  and  electrons  respectively. 
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Figure  3:  schemalical  definitions  of  various  current 
components  in  the  PNP  lateral  bipolar  transistor. 

The  current  gain  is  then  expressed  by: 

n  1  Na  Dp  I 
P~  In(R2/Rl)  Nd  D„  r  2  w 

1  + 

2Z2 

Figure  4  shows  the  variations  of  (1  in  function  of 
l/ln(R2/Ri);  the  measurements  (dots)  ate  performed  in 
three  different  zones  of  the  wafer.  The  curves 
corresponds  to  the  modelling.  One  can  observe  a  good 
agreement  between  experimental  results  and  modelling. 

When  R2/R1  is  much  higher  than  1 ,  a  finite  scries  of  the 
threshold  voltage  gives: 

AV™  =mno  (9) 

Expressions  (8)  and  (9)  yields: 

Hfe  »  CxAVth  (10) 

where 


1 
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In  the  formula  (1 1),  K  is  defined  as  follows: 


1.6  1.7  1.8  1,9  2,0 

l/ln(R2/R1) 


Figure  4.  Variation  of  HfE  versus  llln(R2/R  1 )  for 
several  zones.  One  can  observe  a  good  agreement 
between  experimental  results  and  modelling. 

The  formula  (10)  shows  that  the  variation  of  the  current 
gain  can  be  linearly  dependent  of  the  variation  of  the 
threshold  voltage. 


3.  CRITERIA  OF  RELIABILITY 

A  fit  of  an  experimental  curve  is  shown  in  figure  2.  To 
this  end  and  taking  into  account  the  technological 
parameters,  the  modelling  parameters  are  chosen  as 
follows:  K  =  200,  VTHo  *  8,25  V,  and 

Nss  =  3.5  x  101  'cm‘2  [5].  In  this  figure,  the  straight 
line  corresponds  both  to  the  less  mean  square  curve 
deduced  from  experimental  dots  and  to  the  modelling 
one,  that  gives  evidence  again  of  the  good  agreement 
between  experimental  and  modelling.  We  can  note  that 
as  long  as  this  type  of  degradation  exists,  we  can 
observe  such  a  variation,  that  means  that  our  modelling, 
which  leads  to  the  relation: 

Hfe  =  CxAVth,  (10) 

becomes  a  criteria  to  analyse  the  reliability  of  the 
process  and  the  effects  of  process  modifications. 


improve  the  process  by  the  use  of  several  technological 
steps. 

The  first  treatment  we  performed  is  a  thermal  annealing 
in  forming  gas;  this  step  did  not  exist  in  the  initial 
process.  This  annealing  induces  an  increasing  of  VfH 
of  degraded  transistors  by  decreasing  the  concentration 
of  trapped  charges,  as  shown  in  figure  5,  but  does  not 
modify  the  geometry  of  degraded  zones.  This  step 
induces  a  translation  of  the  curve  Vth  (Hfe)  as  shown 
in  figure  6. 


R2-Rl(unt) 

Figure  5.  Fit  of  experimental  curves  of  threshold 
voltage  versus  the  base  width.  Thermal  annealing 
decreases  trapped  charge  concentration. 


50  1 50  250 


current  gain 

Figure  6.  Variations  of  Vjh  versus  ItpE  before  and 
after  thermal  annealling  in  forming  gas.  After 
annealing,  the  curve  is  globally  shifted  towards  higher 
values  of  the  threshold  voltages. 


An  other  way  is  ionic  implantation  of  phosphorus  in  the 
low  doped  base.  It  implies  an  increase  of  the  effective 
concentration  in  the  base,  which  makes  more  difficult 
the  inversion  in  this  zone  and  thus  prevents  the  creation 


4.  IMPROVEMENT  OF  "rHE  PROCESS 

From  this  criteria  and  thus  from  the  analysis  of  the 
evolution  of  the  variation  of  the  current  gain,  we  tried  to 
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of  a  hole  channel.  The  dose  of  implantation  was 
calculated  to  obtain  a  threshold  voltage  in  the  range  of 
20  Volts.  The  devices  are  characterized  as  previously  in 
two  zones  of  the  wafer,  fust  at  the  center  (zone  1)  and 
second  in  a  lateral  test  cell  (zone  5). 
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27 
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Table  \:  Effect  of  ionic  implantation  of  the  base  on  the 
threshold  voltage  and  the  current  gain.  The  correlation 
of  this  two  electrical  parameters  disappears,  Vth  is  in 
the  range  of  20  Volts  and  fl  in  the  range  of  IS 


Table  1  gathers  die  electrical  results  for  the  several 
transistor  sizes;  it  gives  evidence  of  the  shift  of  the 
threshold  voltages  and  more  especially  the  important 
values  of  Vth  and  its  non  dependence  with  the  base 
width,  but  HfE  takes  lower  values.  This  can  be 
explained  by  the  increasing  of  base  doping 
concentration  because  the  additional  ionic  charges 
compensate  for  trapped  charges  and  the  linear  variation 
of  the  Vth  in  function  of  Hfe  does  exist  no  longer.  On 
the  other  hand,  the  current  gain  is  more  dependent  of  the 
base  width,  the  carrier  lifetime  (of  the  electrons)  being 
affected  by  the  implantation  and  the  diffusion  length 
becomes  lower  than  the  base  width.  Although  this  step 
allowed  to  decrease  the  effective  role  of  the  trapped 
charges  in  the  characterisiiics  of  the  device,  because  the 
current  gain  is  very  low,  this  step  is  not  actually 
interesting  for  applications. 

The  first  technological  modification  proposal  has 
appeared  easier  and  was  applied  to  increase  the  yield  of 
fabrication  process  and  its  reliability. 


5.  CONCLUSION 

Our  modeling  allows  to  well  explain  the  correlation 
between  the  bipolar  transistor  current  gain  and  the 
PMOS  FET  threshold  voltage  of  the  I2L  test  cell  when 
trapped  charges  are  located  in  the  insulator  gate  on  both 
sides  of  this  electrode.  Using  this  modelling,  we  have 
defined  a  criteria  of  the  quality  of  the  process  which 
allows  to  improve  this  process  and  its  reliability. 
Applying  this  technique,  we  have  found  the  step  of  the 
process  which  occurs  on  this  behaviour  and  a 
technological  solution  consisting  all  simply  in  an 
additional  annealing  in  forming  gas  after  plasma 
etching. 
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1.  ABSTRACT 

A  floating  gate  p-cbannel  MOSFET  is  proposed  for 
eod-of-line  positive  mobile  ion  contamination  testing. 
The  device  can  be  fabricated  in  any  CMOS  or  MOS 
capable  process.  The  device  allows  for  a  quantitative 
measure  of  the  total  mobile  ion  charge  collected  during 
the  measurement.  Because  the  device  attracts  positive 
ions  isotropically,  it  is  sensitive  to  contamination  above 
the  gate,  unlike  capacitor  or  normal  transistor  based 
tests.  The  isotropic  nature  of  the  response  also  allows 
the  device  to  detect  cracks  in  overlying  passivation, 
which  provide  transport  paths  for  contamination  from 
the  passivation  surface. 

2.  INTRODUCTION 

Electrically  Programmable  Read  Only  Memory, 
EPROM,  cells  have  negatively  charged  floating  gates 
while  programmed.  Positive  mobile  ions,  if  present,  are 
attracted  to  the  floating  gates  and  neutralize  the  charge, 
resulting  in  deprogramming.  Because  of  that  effect, 
EPROM  cells  are  extremely  sensitive  to  mobile  ion 
contamination,  which  poses  a  serious  reliability 
problem.  However,  that  very  sensitivity  makes  the 
EPROM  cell  an  ideal  candidate  for  use  as  a  mobile  ion 
sensor. 


Uft-P  rogiaeimert: 


j  rwosCr'l  1 
U.  Uvrt  V>* 

n* 


Programmed: 


floiUar 


I* 

pad 


The  purpose  of  this  paper  is  to  propose  a  floating  gate 
p-channel  MOSFET,  similar  to  the  EPROM  cell,  for 
use  in  an  end-of-line  positive  mobile  ion  contamination 
test.  The  device  can  be  fabricated  in  any  CMOS  or 
PMOS  process,  with  poly  or  metal  gate  and  with  any 
gate  oxide  thickness. 

3.  DEVICE  OPERATION 

The  proposed  test  structure  it  a  p-channel  transistor 
with  floating  poly  or  metal  gate,  i.e.  not  connected  to 
any  pad  or  to  another  structure.  A  cross-section  and  top 
view  of  the  structure  are  shown  on  Figure  I.  The 
device  is  programmed  (turned  on)  by  applying  sufficient 
drain  vokage  to  inject  hot  electrons  into  the  gate.  In  the 
pretence  of  mobile  ions,  the  gtle  charge,  and  hence 
voltage  is  reduced  after  annealing  through  charge 
neutralization.  If  the  shift  in  gate  voltage  can  be 
determined,  the  amount  of  charge  due  to  mobile  ions 
can  be  calculated  directly. 


Fig.  1  Crossections  and  top  view  (layout)  of  single  poty 
p-channel  MOS  transistor. 


Figure  2  shows  an  example  of  device  programming. 
In  curve  a),  the  drain  voltage  of  the  proposed  device  is 
swept  from  0  to  25  V.  At  roughly  12:5  V,  hot  carrier 
injection  starts  to  deposit  negative  charge  on  the  gate, 
turning  on  the  device.  This  can  be  seen  from  the 
increase  in  current  above  what  is  expected.  At  roughly 
17.5  V,  the  device  it  fully  programmed.  Curve  b)  is  the 
I-V  characteristic  of  the  fully  programmed  device. 
Curve  c)  is  the  I-V  characteristics  of  a  similar,  normal 
p-channel  device,  swept  Vgs  *=  0.2  Vds.  The  curve  is 
very  similar  to  curve  a)  for  low  voltages  indicating  that 
the  coupling  coefficient  between  the  floating  gale  and 
the  drain  is  0.2.  The  similarity  in  curves  is  also 
important  in  justifying  the  use  of  similar  p-channel 
transistor  I-V  characteristics  to  extract  the  floating  gate 
voltage,  as  discussed  in  the  next  section. 
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Fig.  2  Drain  current  versus  drain  voltage : 
a  -  virgin  MOS  transistor, 
b  -  programmed  MOS  transistor, 
c  -  standard  MOS  transistor. 


2.  Measure  the  drain  current  at  low  drain  bias  (-1  V  for 
example). 

3.  Interpolate  the  floating  gate  voltage  from  the  Ids  vs 
Vgs  characteristic  of  a  similar  (gate  size  and  oxide 
thickness)  normal  p-channel  transistor  biased  at  the 
same  Vds  (see  Figure  3). 


A  programmed  {Mthannel  transistor  has  negative 
charge  on  the  floating  gate.  At  high  temperature  (200 
•  400 °C)  the  negatively  charged  floating  gale  attracts 
positive  ions  from  the  surrounding  oxide.  As  the  ions 
are  attracted  to,  and  neutralize,  the  magnitude  of  the 
gate  voltage  drops  which  results  in  reduced  drain 
currem  when  the  device  is  biased  at  room  temperature. 
Thus,  the  structure  works  as  a  monitor  of  positive 
mobile  ion  contamination.  Because  the  charge  on  the 
gate  attracts  ions  isotropically,  it  is  sensitive  to  mobile 
charge  above  the  gate.  This  is  in  contrast  to  techniques 
such  as  the  bias-temperature  capacitance-voltage 
method,  which  is  only  sensitive  to  contamination  in  the 
gate  oxide.  The  ability  to  sense  mobile  ions  in  the 
passivation  is  important  because  in  actual  device 
operation  those  ions  can  diffuse  to  active  areas  causing 
degradation  in  electrical  parameters.  Also,  if  the 
passivation  is  cracked,  mobile  ions  from  the  ambient 
environment  can  also  diffuse  towards  active  areas.  The 
proposed  floating  gate  p-channel  MOSFET  covers  all  of 
those  problems. 

While  the  device  is  compatible  with  all  CMOS  and 
PMOS  processes,  the  channel  length  should  be  about 
SOX  longer  than  the  minimum  length  allowed  in  the 
technology  design  roles.  This  is  because  a  floating  gate 
MOS  transistor  is  more  sensitive  to  short  channel  effects 
than  its  standard  transistor  counterpart. 


Fig.  3  Method  of  determining  the  floating  gate  voltage. 

4.  Bake  waferfs)  for  30  minutes  at  390*C  (or  longer 
for  lower  temperatures). 

5.  Remeasure  the  drain  current  at  same  low  drain  bias. 

6.  Interpolate  the  floating  gate  voltage  from  the  Ids  vs 
Vgs  characteristics  of  a  similar  normal  p-channel 
transistor  biased  at  the  same  Vds  (see  Figure  3). 

7.  Calculate  the  effective  ionic  charge  collected  from 
the  floating  gate  voltage  shift  AV^ 

Q_  -  C_  AV% 

where  C„  is  the  gate  oxide  capacitance. 

Figure  4  shows  a  plot  of  floating  gate  voltage  as  a 
function  of  bake  time  using  the  proposed  test  structure 
and  the  test  method  described  above.  The  passivated 
wafers  were  contaminated  with  NaHCO,  to  provide  a 
source  of  positive  mobile  ions.  The  voltage  shift 
saturates  as  the  mobile  ion  concentration  above  and 
below  the  gate  is  depleted. 


4.  TEST  PROCEDURE 

1.  Program  the  proposed  device  by  applying  Vds  = 
BVdss  -  0  S  V:  e.g.  if  BVdss  =  -12  V  that  apply  Vds 
-12.5  V.  A  lower  in  (magnitude)  Vds  can  be  used 
with  increased  programming  time. 
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Fig.  4  Floating  gate  voltage  vers us  the  bake  time  at 
250mC. 


5.  SUMMARY 

The  proposed  device  end  lest  method  delects  and 
measures  positive  mobile  ions  from  both  gate  and  field 
oxides.  It  is  also  sensitive  to  defects  in  the  passivation. 
If  the  passivation  is  cracked,  ionic  contamination  can 
penetrate  those  creclcs.  later,  the  ions  can  diffuse  to 
active  device  areas  causing  threshold  voltage  shifts  in 
MOSFETs  or  increased  leakage  in  bipolar  transistors. 

Conventional  CV  tests  detect  mobile  ions  between 
gate  and  substrate  only.  Even  if  finger  field  oxide 
capacitors  or  MOS  transistors  are  used,  mobile  ions 
outside  the  gate  area  are  repelled  when  the  gate  is 
positively  biased  to  drive  the  ions  to  the 
oxide-semiconductor  surface.  The  ability  to  isotropically 
detect  mobile  ion  contamination  is  a  key  benefit  of  the 
device  based  test  structure.. 
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1  Abstract 

Thu  paper  report*  the  use  of  ramped  volt 
age  and  constant  voltage  *tre**  measurement* 
for  the  a**e**ment  of  reliability  data  of  “thcr 
"•ally  grown  oxide*  on  heavily  doped  poly  till 
con"  (inter  poly  oxide!  When  the*e  mca»ut» 
nient*  nr'  performed  for  the  characterisation 
of  the  oxide  it  n  observed  that  the  me  of  a 
ramped  voltage  *tre*«  result*  in  an  enhanced 
oxide  lifetime  compared  to  the  conMant  vo|t 
age  ca*e.  By  plotting  the  evolution  of  the  cur 
rent  a*  a  function  of  time  for  both  measure 
ment*  charge  trapping  in  the  oxide  i*  found 
to  be  the  principal  cau*e  of  longer  lifetime* 
measured  with  a  ramped  voltage  *tre»*.  Mea 
surement*  on  pre-*tre**ed  oxide*  confirm  this. 
Thi*  work  show*  that  in  order  to  relate  the  re 
suits  from  constant  voltage  and  ramped  volt¬ 
age  stress  charge  trapping  must  be  taken  into 
consideration. 

2  Introduction 

Reliability  predictions  for  dielectrics  are  es¬ 
sential  to  pro-  ide  customers  with  yield  analy¬ 
sis  data  of  a  product.  For  applications  which 
require  poly-poly  capacitors  such  as  switched- 
capacitor  filters  or  A/D  and  P/ A-converters 
etc.  it  is  essential  to  characterise  the  inler- 
poly  oxide  in  terms  of  lifetime  and  failure 
probability  under  operating  conditions. 

A  prediction  method  has  been  proposed 
for  inter-poly  oxides  in  [1]  which  is  based  on 
results  from  constant  voltage  stress  (CVS) 


measurement*  Thi*  methodology  u*e»  (hr 
1  K  Model  I  *ee  equation  1|  which  ha»  been 
developed  by  Hu  rt  a!  ’2  In  [1;  only  the 
intrinsic  propertir*  of  the  oxide  mere  invn 
ligated  However,  iefect  related  failure*  ex 
1*1  »h)-h  lead  to  malfunction  of  device*  and 
caute  held  failure*  of  the  product.  Th-rrforr. 
the  defect  related  properties  are  important  for 
the  evaluation  of  inter  poly  oxide  reliability. 
The  monitoring  of  defect  related  bieakdown* 
with  CVS  iniolve*  long  measurement  times 
which  are  impractical  for  industrial  appbca 
tions  A  ramped  voltage  stress  (RVSj  mea 
surement.  however,  can  be  carried  out  faster 
than  a  CVS  and  monitor*  the  defect  related  a* 
well  as  the  intrinsic  breakdown*.  Therefore,  a 
RVS  is  preferable  to  record  early  and  intrin¬ 
sic  breakdowns  in  a  reasonable  time.  A  corre¬ 
lation  between  RVS  and  CVS  data  for  MOS 
gate  oxides  is  described  in  [2].  The  possibility 
of  a  similar  approach  for  inter-poly  oxides  is 
examined  in  this  work- 

This  paper  shows  that  results  of  RVS  mea¬ 
surements  with  slow  ramp  rates  overestimate 
the  lifetimes  of  inter-poly  oxides  w-hen  rom- 
parpd  to  those  predicted  by  CVS.  Tbt*  -*er 
estimation  is  crucial  when  the  R'  8  ,i.*i.i  is 
used  for  yield  predictions.  These  long-r  RVS 
lifetimes  are  related  to  charge  trapping  which 
is  observed  in  inter-poly  oxides  for  low  Fowler  - 
Nordheim  (FN)  current*  !3).  Experiments 
presented  in  this  work  on  pre-stressed  oxides 
and  the  I-t  characteristics  of  CVS  and  RVS 
confirm  the  this.  Therefore,  it  is  important  to 
account  for  charge  trapping  when  long  term 
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<«&•**£ *t  u  peed*!-  «  bum  KVS  4m* 

Tlu  *xtt  *•/  »* u  »Jk  •*»  i to  <| waaucaits* 
4it«auui»a  «f  iiM|>  hi  hhruaw 

p«4i<i«Kii  fe'cts.  RVS  **4  ih  iwnhiMM  at 
kVS  fa>  CVS  i«»hi  Vj  ih*  J/l  Vl*4ti 

k>  «*hl*g  IjM  ciwMge  UappsMg  t>l»  KtDOl 
rvleshibiy  m<  pcwutde  fcuec  KVS 

iM*  Th  toytti  at  iIm  iS*i|«  Happing  «*.4 
th  t^ixMM  at  Ih  e4fauw4  in*lu  (at  iW 
(IfaUMlMiMlx*  of  long  Inn  MM  jk»!j  <tlu4< 
r*Ueb»it f  u<  4ik*>»4 

3  Experimental  Procedure 

All  Cft«*.'<tfTt>waU  *«t  fr-rfWtoH  oft  «ajrf 
J*»*l  with  •  HP 4043  r«Martiu  T«*t  System 
Test  ttywiMt  t«a  Iw  4ilrmil  process#* 
»>*h  Ik*  don  miInu  «l  figure  l  »»f«  ioiMri 
>n  ifw  iMuvnMiiti 

The  lower  poljvibco*  layer  was  implanted 
•nd  the  toy  pcdynUon  Uyvt  POOL,  doped 
•••h  doping  concentration*  >  50s*  tit)'1  for 
both  Uyet*  Th*  m!*i  poly  aujn  conmied 
pf  thvrmaUy  grown  S.Oj  with  thicknesses  of 
32  0  and  30  S  tun  l*»  this  work  the  tm*l!n< 
structure  tut  (l  itlQ,avn>)  of  the  test  chip 
*•*  tnttd  to  »n*ur»  intrinsic  distributions. 

Tit*  inter  poly  capacitor*  were  all  stressed 
with  •  positive  potential  on  the  top  polysili 
con  plate  u  this  showed  the  lowest  breakdown 
fields.  CVS  and  RVS  measurements  were  then 
carried  out  with  five  or  six  different  bias  con 
Aitiont  foe  both  processes.  Ramp  rate*  ear- 
ied  from  O.lVolt/O  l$sec  to  0  IVoit/7*ec.  AU 
ramp  rate*  used  in  the  RVS  coniitted  of  the 
*ame  voltage  »tep  of  O.lVolt  Sample  »ite* 
were  around  40  capacitor*  for  each  measure¬ 
ment. 

4  Analysis  Of  Measurement 
Results 

For  the  prediction  of  lifetime*  and  failure 
probability*  at  operating  condition*  the  1/E- 
Model  (lee  equation  1)  i>  applied  to  the  ex¬ 
perimental  data. 


fqw*  )  Cross  section  of  a r*  Intel  poly  test 
lapaotte 

(G  *  r„  \ 

<w  -  -t  ♦  ftp  ^  j  (J) 

Note,  that  foe  the  evaluation  of  intrinsic 
lifetime!  a*  described  to  |lj  only  CVS  revolt* 
(fee  figure  3)  are  »ece*»ary  For  the  detemv 
natron  of  intrinsic  lifetimes  the  k>g  of  the  life 
lime  to  SOSl  failure  (t-ww!  of  a  CVS  i*  usually 
plotted  as  a  function  of  the  reciprocal  of  the 
bias  voltage  (or  field)  jl,  2]. 

Since  in  thi*  paper  the  main  interests  are 
to  account  for  defect  related  properties  of  a  di 
electric  and  the  corrclatioo  of  RVS  and  CVS 
results  the  method  which  i*  described  in  [1 ) 
i»  expanded  to  RVS  data  This  leads  to  a  di 
reel  comparison  of"  life  t  imo  of  both  measure 
mrnts  The  RV$  measurements  performed  in 
this  work  consisted  all  of  a  staircase  with  volt¬ 
age  iteps  of  O.lVolt  and  because  such  *  RVS 
measurement  is  in  effect  a  sequence  of  short 
constant  voltage  stresses  with  increasing  mag 
nitude.  the  time  to  breakdown  under  RVS  i* 
estimated  by  the  time  spent  at  the  final  step 
of  the  ramp  prior  to  the  step  in  which  catas 
trophic  breakdown  occured.  The  stress  of  ear¬ 
lier  steps  of  the  ramp  is  not  taken  into  account 
for  the  RVS  lifetimes.  Therefore,  the  log  of 
the  timestep  of  the  ramp  (t,„„)  is  plotted  ver- 
tus  the  reciprocal  of  the  breakdown  voltage  to 
50%  failure  (V***,)  in  figure  3  and  4  for  both 
processes  (7). 
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It  ii  repc-iied  ia  {$’  that  lh*  charge  trap 
pir-t  m  ar.  inter  ;.4v  oudt  doe  I  not  saturate 
at  4  ii  s*  tapii  u-  iialiy  because  of  the  pm 
r ft«»  c'.!  trap*  «ilt  large  <  lot*  cet  lions  »hich 
•re  toot,  inmpietejy  filled  Therefore,  » ben 
•  slower  lamp  tat?  i»  chasm  lh?  quantity  of 
trapped  tivffi  increases  in  comparison  to  an 
o«»de  which  *a»  itmirt  with  a  fast  ramp 
tat?  TJui  effect  tan  be  ohser fed  from  tbe 
•noiotioo  tsf  lb?  RVS  rurrmt  in  ftfurt  6  It 
tan  b?  tontiudH  lb  at  »ilb  fatt  ramp  rale* 
Van  i  barf?  itappiftf  otturi 

Tb«  obwTTaleon*  *biih  »?rr  m»4r  for 
both  mi»T  poly  o»jd«  of  thj«  »orl,  namely, 
tbal  Ufelime*  mirraw  doe  to  a  pr?  etreri!  ar? 
i*  <«nUadnl>on  to  lb?  Uteratore  In  fenera). 
a  pr»  »lre»«  *o«i<5  b?  ?rp?(ted  to  iborten  tb? 
lifeiim?  of  a  taparitor  In  [?'  i«  report'd  that 
for  fat?  ojj4»i  a  pr?  e t r?(«  ruth  a*  a  bom  in 
4*t  r»  aw  lifetimes 

TKjr  HmUadi'lion  ran  be  e*plam*d  by  tb* 
iftSwettre  of  teit^eratore  and  the  tune  spent 
dorinf  a  b-or-n  in  In  |4.  6]  it  is  *bo»7>  that 
at  kifb  tempetatares  elertronr  are  tie  trapped 
and  for  tl  •  tame  bias  treater  tonne!  rurrenls 
degrade  tbe  o*ide  faster  Vmatly,  a  bom-in 
step  cosnstf  of  a  (TV'S  at  high  temperature 


and  lilt 5  longer  thin  i  RVS.  Therefore,  with  sma.ll  area  capacitors.  With  several  CVS  and 
a  long  stress  time  and  higher  initial  tunnel  a  RVS  measurement  on  small  area  capaci- 
currents  than  in  a  RVS  the  oxide  degrades  tors  parameter  G  of  equation  1  and  Aln(t) 
faster  during  the  burn-in  than  in  a  RVS.  of  equation  2  are  determined. 


6  Practical  Applications  Of 
The  Observed  Results 

Correlation  of  RVS  and  CVS  Data  : 
For  the  correlation  of  the  RVS  results  to  the 
CVS  data  charge  trapping  has  to  be  consid¬ 
ered  Some  indicators  of  charge  trapping  are 

•  (he  difference  between  the  RVS  currents 
and  the  CVS  currents  at  the  same  bias 
point  (tee  figure  5), 

•  he  difference  of  the  lifetimes  of  RVS 
and  CVS  which  can  be  observed  from 
figure  1  and  4- 

In  a  practical  approach  for  the  consideration 
of  charge  trapping  the  difference  between  the 
RVS  «nd  CVS  line  fits  from  figure  3  and  4 
sue  ujed  to  correlate  the  lifetimes  for  each 
ramp  rate  for  the  RVS  22nm  oxide  and  the 
ramp  rate  of  0  IVoli  'Itec  the  time  difference 
is  1  2S*e< 

Figure  7  and  8  show  predicted  lifetimes 
from  RVS  data  which  lake  charge  trapping 
into  account  These  are  in  good  agreement 
with  the  measured  lifetimes  For  the  predic¬ 
tion  from  RVS  to  CVS  equation  3  used  is 
based  on  the  I, 'E-Model  and  described  in  |7) 

=  G*j e.  J--  j  */n(twl-A/nfr) 

(2* 

V„  is  the  voltage  at  which  the  capacitors  will 
operate  and  A  /off)  considers  the  charge  trap 
pin*  of  the  RVS  and  can  be  determined  from 
the  difference  between  the  RVS  data  and  the 
CVS  line  St  of  figure  3 

Failure  Probability  Predictions  •-  The 
prediction  of  failure  probability  as  a  function 
of  Bfetane  requires  measurements  cm  large  and 


Figure  7:  22nm  oxide:  comparison  be¬ 
tween  measured  and  predicted  lifetimes  from 
the  RVS  with  the  ramp  rate  of  O.lV/lsec, 
C  =  624MV/cm  and  A  Jn(f  )=0.69. 


Figure  8  30  Snm  oxide  comparison  be 

tween  measured  and  predicted  lifetimes  from 
the  RVS  with  the  ramp  rate  of  0.1V/2sec, 
G  =  MSM”  err  »r,d  A  l«(f)=l.96 


1*7 


With  RVS  measurements  on  large  area 
capacitors  the  defect  related  properties  are 
recorded.  Note,  that  the  same  ramp  rate  must 
be  used  for  all  RVS  and  t>t>p  must  lie  in  the 
region  of  the  measured  twso  which  is  impor¬ 
tant  for  the  evaluation  of  A/n(f).  Lifetimes 
and  failure  probabilities  can  be  projected  from 
the  RVS  data  of  the  large  area  capacitors  by 
using  equation  2  [7j. 

Oxide  Quality  Assessment  :  In  this 

work  RVS  and  CVS  measurements  are  per¬ 
formed  on  small  area  capacitors  for  reliabil¬ 
ity  evaluations.  Besides  predicting  lifetimes 
and  failure  probabilities  from  the  measure¬ 
ment  results  the  CVS/RVS  current  ratio  and 
the  CVS-RVS  lifetime  difference  give  a  mea¬ 
sure  for  the  quality  of  the  oxide  for  different 
processes  in  terms  of  charge  trapping.  In  this 
paper  the  30.5nm  inter-poly  oxide  shows  more 
charge  trapping  than  the  20nm  oxide  for  the 
fast  and  intermediate  ramp  rt'es. 


7  Conclusions 


It  was  found  by  direct  comparison  of  the  life¬ 
times  in  a  “k>g(t)  versus  l/E"-plot  that  RVS 
results  overestimate  the  lifetime  of  mter-poly 
oxides  with  thicknesses  in  the  range  of  22  - 
30. Stun.  A  comparison  of  RVS  with  CVS  cur¬ 
rents  at  the  same  bias  conditions  give  evi¬ 
dence  that  charge  trapping  is  the  reason  for 
the  longer  lifetimes.  This  was  confirmed  with 
measurements  on  pre- stressed  oxides. 

The  charge  trapping  is  dependent  on  the 
starting  bias  level  and  the  ramp  rate  of  the 
RVS.  No  additional  "significant*'  charge  trap¬ 
ping  was  observed  below  11  Volt  for  the 
30. 5nm  inter  poly  oxide.  Therefore,  it  is  im 
portant  to  take  the  trapped  charge  into  ac 
count  when  lifetimes  at  operating  voltage  are 


predicted  from  RVS  data. 

ft  has  been  «hown  that  by  relating  RVS  to 
CVS  Ufetir  accounting  for  the  charge 

trapping.  and  failure  probabilities 

can  be  pferi>  RVS  results.  Experi¬ 


mental  and  predicted  results  show  good  agree¬ 
ment.  With  the  observations  and  results  of 
this  work  RVS  measurements  can  be  used  for 
lifetime  predictions  and  in  comparison  to  CVS 
results  for  the  characterisation  of  the  oxide 
quality  in  terms  of  charge  trapping. 
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I.  ABSTRACT 

Thin  oxide  MOS  capacitors  are  subjected  to  bipolar 
voltage  stresses  of  different  amplitudes  and  frequen¬ 
cies.  According  to  a  previously  proposed  breakdown 
model,  the  evolution  of  the  current  with  the  stress 
time  has  been  considered  to  be  due  to  the  degrada¬ 
tion  of  the  oxide,  i.e.  to  the  generation  and  partial 
occupation  of  electron  traps.  When  Log(J )  is  repre¬ 
sented  versus  the  stress  time,  the  slope  of  the  plot 
and  the  magnitude  of  the  current  (which  tends  to  de¬ 
crease  during  constant-voltage  tests)  are  taken  as  in¬ 
dicators  of  the  oxide  degradation  rate  and  degrada¬ 
tion  level,  respectively.  Our  results  suggest  lower 
degradation  rates,  and  consequently  lower  degrada¬ 
tion  levels  for  the  same  stress  limes,  at  high  frequen¬ 
cies.  This  is  consistent  with  the  increase  of  time-to- 
breakdown  with  stress  frequency  observed  by  other 
authors,  and  confirms  that,  also  for  dynamic  stres¬ 
ses,  the  relation  between  degradation  and  breakdown 
is  fundamental  to  understand  the  physics  of  these 
phenomena.  The  slower  degradation  rates  confirm 
the  improvement  of  oxide  reliability  under  dynamic 
AC  stress  conditions. 


2.  INTRODUCTION 

The  ever  increasing  complexity  of  integrated  circuits 
is  pushing  the  reliability  community  towards  a  very 
broad  change  in  the  techniques  for  reliability  asses- 
ment.  Within  the  "building-in"  reliability  arena,  two 
are  the  mein  directions  of  action:  reliability  through 
process  control;  and  reliability  through  circuit  simu¬ 
lation.  Reliability  ia  becoming  one  of  the  key  specifi¬ 
cations  that  have  to  be  considered  from  the  very  be¬ 
ginning  of  the  design  process.  Reliability  simulation 
tools  help  to  optimise  the  reliability  by  dcaign 
through  the  evaluation  of  the  susceptibility  of  ICs  to 
the  various  device  failure  mechanisms,  and  through 
comparison  of  the  different  design  and  fabrication  al¬ 
ternatives.  This  represents  a  very  important  change 
in  reliability  assessment  because,  traditionally,  relia¬ 
bility  has  only  been  improved  by  making  accelerated 
stress  experiments  on  test  structures,  and  by  the  ana¬ 
lysis  of  the  failures. 


For  the  simulation  of  the  degradation  and  final 
failure  of  the  devices,  models  for  the  different  failure 
mechanisms  have  to  be  implemented  into  the 
reliability  simulators.  The  accuracy  of  the  simula¬ 
tions  is  directly  related  to  the  suitability  of  these 
models.  One  of  the  mechanisms  which  limit  the  re¬ 
liability  of  MOS  circuits  is  SiO,  dielectric  break¬ 
down.  Oxide  reliability  has  been  usually  analyzed 
under  static  stresses  (constant-voltage  or  constant- 
current)  or  ramps.  The  extrapolation  of  time-to- 
breakdown  data  to  operation  conditions  is  generally 
performed  under  the  assumption  that  there  is  not  a 
strong  dependence  on  the  type  of  stress.  However, 
in  most  circuits,  the  operation  of  the  devices  will  be 
dynamic,  and  the  experimental  results  of  other  au¬ 
thors  indicate  that  the  oxide  reliability  significantly 
improves  under  these  conditions,  especially  if  the 
stress  is  AC  (Ref.  1). 

Much  work  has  been  dedicated  to  the  study  of  the 
breakdown  of  thin  silicon  dioxide  films  under  static 
conditions.  Even  though,  many  questions  concerning 
the  physics  of  this  failure  mechanism  remain  still 
open.  In  any  case,  however,  there  are  several  points 
of  general  agreement  which  are  based  on  direct  ex¬ 
perimental  observations: 

i)  There  are  at  least  two  types  of  breakdown,  defect- 
related  and  intrinsic,  the  later  becoming  more  impor¬ 
tant  for  advanced  circuits  (Ref.  2).  In  this  paper  we 
only  deal  with  intrinsic  breakdown. 

ii)  Breakdown  is  a  local  phenomenon. 

iii)  Time  to  breakdown  and  any  other  breakdown 
variable  (breakdown  field,  for  example)  are  not  de¬ 
terministic.  A  statistical  distribution  of  results  is 
always  found  (Refs.  3,4). 

iv)  Breakdown  is  related  to  some  sort  of  previous 
degradation  of  the  oxide  structure  which  takes  place 
during  stress  or  operation  (generation  of  electron  or 
hole  traps,  interface  states,  slow  states....). 

This  work  deals  with  the  degradation  and  breakdown 
of  thin  oxide  MOS  structures  under  bipolar  AC  con¬ 
ditions.  Our  general  project  has  two  main  objectives: 
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a)  the  development  of  a  degradation  and  breakdown 
model  suitable  for  reliability  simulators;  and  b)  the 
analysis  of  dynamic  data  to  get  additional 
information  about  the  physics  of  the  breakdown.  In 
this  work,  our  particular  goal  is  the  evaluation  of  the 
relation  between  degradation  and  breakdown  under 
AC  stress  conditions.  We  want  to  determine  if  the 
correlation  between  degradation  and  breakdown, 
which  is  widely  recognized  for  DC  conditions,  is 
also  valid  for  AC  stresses. 

3.  DEGRADATION-BREAKDOWN  MODEL 

Although  we  do  not  want  to  discuss  our  degradation 
and  breakdown  model  (Ref.  5)  in  this  paper,  we  will 
dedicate  this  section  to  review  it  because  this  is  con¬ 
venient  for  the  analysis  of  the  AC  breakdown  data. 

In  stress  experiments,  after  a  very  small  heating 
distance,  the  kinetic  energy  that  the  electrons  gain 
from  the  electric  field  in  the  oxide  conduction  band 
is  dissipated  by  interaction  with  the  Si02  lattice 
(Joule  law).  The  principal  assumption  of  our  model 
is  that  a  very  small  fraction  of  this  energy  is  used  to 
damage  the  oxide  structure  through  the  generation  of 
defects  which  can  act  as  electron  traps.  The  genera¬ 
ted  traps  become  partially  occupied  by  electrons  (the 
measured  cross  sections  correspond  to  neutral  traps), 
and  the  resulting  negative  charge  modifies  the  elec¬ 
tric  field  in  the  oxide.  There  is  much  published  ex¬ 
perimental  evidence  to  support  the  generation  of 
electron  traps  and  negative  charge,  and  also  their 
relationship  with  the  dielectric  breakdown  (Ref.  6). 
Even  under  dynamic  conditions  the  role  of  negative 
charges  seems  to  be  dominant  (Refs.  7,8).  and  this 
paper  adds  more  evidence  in  this  direction. 

If  the  degradation  is  related  to  dissipation  of  energy, 
the  key  equation  for  a  degradation  model  should  he 
Joule  law: 

—  *  mm  <» 

at 

where  E  is  the  dissipated  energy  per  unit  of  volume, 
F(t)  and  J(t).  the  oxide  electric  field  and  the  current 
density,  respectively.  If  Edil  is  the  energy  required 
to  generate  one  defect,  and  p  the  efficiency  of  defect 
generation.  l)ie  rate  of  trap  generation  is  given  by 

%  ■  / m  m  a> 

at 

N(t)  being  the  density  of  neutral  electron  traps. 


In  previous  works  it  was  shown  that  this  simple 
picture  is  adequate  to  model  the  degradation  of  SiO-> 
under  DC  electrical  stresses.  Assuming  that  the  cur¬ 
rent  is  given  by  the  Fowler-Nordheim  expression, 
considering  that  the  charge  distribution  is  uniform, 
and  making  other  simplifying  assumptions,  it  was 
shown  that  this  model  reasonably  explains  the  evolu¬ 
tion  of  the  DC  stress  conditions  (current  in  constant- 
voltage  tests,  voltage  in  constant-current  stresses, 
etc.)  (Ref.  5). 

In  particular,  in  a  constant-voltage  stress,  the  genera¬ 
tion  and  partial  occupation  of  electron  trap  centres 
causes  the  reduction  of  the  current  with  stress  time. 
Thus,  the  analysis  of  the  evolution  of  the  current  is 
a  useful  tool  to  evaluate  the  oxide  degradation,  at 
least  under  DC  conditions.  For  this  type  of  stress, 
our  degradation  model  predicts  a  current  evolution 
given  by: 


where  JD  is  the  initial  current,  and  t  is  a  characteris¬ 
tic  time  which  is  a  function  of  p  and  Edlv.  If  we  re¬ 
present  Log(J)  versus  time  this  results  in  almost  a 
straight  line  (after  an  initial  transient  which  is  due  to 
trapping  in  native  election  traps  (Refs.  5-7)). 

Log(J)  -  Log(JJ  -  -  (4) 

•t 


According  to  this  model,  in  the  next  section  we  will 
analyze  the  AC  breakdown  data  assuming  that  the 
current  level  (for  a  particular  value  of  applied 
voltage)  is  a  measure  of  the  degradation,  and  the 
slope  of  Lng(J)  versus  r,  a  measure  of  the 
degradation  rate. 

As  far  as  the  breakdown  is  concerned,  we  consider 
it  to  be  triggered  by  the  generation  of  a  critical 
number  of  defects  nBD  in  small  portion  S0  of  the 
total  active  oxide  area.  The  local  nature  of  the 
breakdown  and  the  statistical  distribution  of  events  is 
modeled  in  such  a  simple  way,  at  the  same  time  that 
the  relation  between  degradation  and  breakdown  is 
considered  (Refs.  3,4). 

4.  EXPERIMENTAL  RESULTS 

The  analyzed  samples  are  polysilicon  gate  MOS 
capacitors  with  oxide  thickness  of  13.5  nm,  area  of 
3. 14  I  O'4  cm2  and  n-type  substrate  (ND=  101*  cm'3). 
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Bipolar  square  voltage  waveforms  of  different 
amplitudes  (15V,  16V  and  17V)  and  frequencies 
(10Hz,  100Hz,  lKHz,  and  lOKHz)  have  been 
applied  to  the  capacitors.  For  each  of  these  stress 
conditions,  the  current  level  at  the  end  of  the 
positive  semiperiod  has  been  measured  after  different 
stress  times.  The  evolution  of  the  current  with  time 
has  been  represented  in  a  Log(l)  versus  t  plot.  In 
accordance  with  our  degradation  model,  the  current 
level  1  (t)  is  taken  as  an  indicator  of  the  degradation 
of  the  oxide  at  time  t,  and  the  slope  as  a  measure  of 
the  degradation  rate. 


Figure  I.-  Current  evolution  recorded  on  MOS 
capacitors  subjected  to  ±  15V  bipolar  stresses  of 
different  frequencies. 


Figures  1  to  3  show  the  evolution  of  the  current  with 
stress  time  for  three  different  voltage  amplitudes, 
with  the  frequency  as  a  parameter  (each  data  point 
corresponds  to  the  average  of  5  samples).  In  each 
figure  one  can  distinguish  two  different  groups  of 
curves  which  are  clearly  separated,  the  curves 
corresponding  to  high  frequencies  having  smaller 
slopes  (smaller  degradation  rates)  and,  consequently, 
larger  current  densities  (smaller  degradation  levels) 
for  equal  stress  times.  We  distinguish  two  different 
regimes:  a  low-frequency  regime,  where  the 
degradation  rate  is  large  and  the  evolution  curves  are 
quite  similar  (if  not  coincident)  to  those  obtained 
under  equivalent  DC  conditions  (not  shown  in  the 
figures);  and  a  high-frequency  regime,  where  the 
evolution  of  the  degradation  is  much  slower.  In  both 
regimes,  the  frequency  dependence  is  very  weak.  A 
quite  abrupt  change  between  one  regime  and  the 
other  occurs  at  a  threshold  frequency  which  depends 
on  the  oxide  electric  field.  For  V^*  15V  (figure 


1),  only  one  curve  (10  Hz)  is  in  tfc:  low-frequency 
regime,  and  the  others  (100Hz,  lKHz,  and  lOKHz) 
can  already  be  considered  to  belong  to  the  high- 
frequency  regime.  For  v«ppi  16V  (figure  2),  two 
frequencies  ( 10Hz,  100Hz)  are  low  and  the  other  two 
(lKHz,  and  lOKHz)  are  high.  Finally,  for 
V„.|=  17V  (figure  3),  only  one  stress  frequency 
( lOKHz)  corresponds  to  the  high-frequency  regime. 


Figure  2.-  Current  evolution  recorded  on  MOS 
capacitors  subjected  to  ±  16V  bipolar  stresses  of 
different  frequencies. 


Figure  3.-  Current  evolution  recorded  on  MOS 
capacitors  subjected  to  ±  17V  bipolar  stresses  of 
different  frequencies. 


Figures  4  and  5  show  the  evolution  of  the  current 
with  stress  time  for  two  fixed  frequencies  (100Hz 
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Figure  4.-  Current  evolution  recorded  on  MOS 
capacitors  subjected  to  100Hz  bipolar  stresses  of 
different  amplitudes. 


Figure  5.-  Current  evolution  recorded  on  MOS 
capacitors  subjected  to  l  KHz  bipolar  stresses  of 
different  amplitudes. 


and  lKHz,  respectively),  and  the  voltage  amplitude 
as  a  parameter.  In  figure  4,  we  see  that  the  curves 
which  correspond  to  16V  and  17V  have  similar 
degradation  rates  (slopes),  while  it  is  much  smaller 
in  the  case  of  the  stress  waveform  with  15V  of 
amplitude.  The  fact  that  higher  voltages  (fields)  lead 
to  larger  degradation  rates  should  not  be  surprising 
within  the  degradation  model  of  the  previous  section. 
In  our  case,  however,  the  variation  of  electric  field 
from  one  stress  to  another  is  less  than  10%. 
Nevertheless,  in  the  Fowler-Nordheim  regime  this 


small  change  of  field  causes  an  exponential  change 
in  the  current  (see  the  values  of  current  at  the 
beginning  of  the  stress,  t=10s).  Thus,  based  on 
Joule  law,  one  should  expect  the  degradation  rate  to 
be  controlled  by  the  current  density  rather  than  by 
the  applied  voltage.  This  is  perfectly  consistent  with 
the  curves  corresponding  to  !6V  and  17V:  at  the 
beginning  of  the  stress,  the  degradation  rate  is  larger 
for  V  .  =  17V  because  the  current  is  about  twice 
the  value  corresponding  to  V>ppl=  16V;  for  longer 
stress  times,  the  degradation  rate  (slope)  is  almost 
the  same  for  equal  values  of  current  density.  The 
same  can  be  said  of  the  curves  corresponding  to  15  V 
and  16V  in  figure  5,  though  in  this  case  the 
degradation  rate  is  much  smaller.  The  question  that 
remains  refers  to  what  happens  with  the  curves 
which  cross  over  their  two  partners  in  these  figures 
(the  curve  of  15V  in  figure  4,  and  the  one  of  17  V  in 
figure  5).  To  understand  these  crossovers,  it  is 
necessary  to  make  reference  to  the  results  shown  of 
figures  1-3.  In  figure  4,  the  100  Hz  stress  can  only 
be  considered  to  belong  to  the  high-frequency  regime 
for  Vjppl=  15V,  so  that  in  this  case  the  degradation 
rate  is  much  smaller  than  for  16V  and  17V,  which 
correspond  to  the  low-frequency  regime.  This 
explains  why  for  Vlpp)=  15V  the  degradation  rate  is 
much  smaller  even  at  the  end  of  the  stress,  when  the 
current  density  is  larger  than  for  16V  or  17V.  Just 
the  opposite  is  true  in  figure  5,  where  only  the  17V 
curve  belongs  to  the  low-frequency  regime,  having  a 
larger  degradation  rate.  If  the  same  kind  of 
representation  is  used  for  the  10  KHz  data,  the  three 
curves  (15V,  16V  and  17V)  are  almost  parallel,  and 
there  is  not  a  crossover  because  the  three  stresses 
belong  to  the  high-frequency  regime  (this  figure  is 
not  included). 

5.  DISCUSSION 

In  previous  works  (Ref.  8,9),  the  same  samples  were 
used  for  studying  the  DC  degradation  and  breakdown 
characteristics,  and  the  transient  current  evolution 
during  the  application  of  pulsed  voltages  (unipolar 
and  bipolar).  Also  according  to  our  degradation 
model,  these  current  transients  and  their  evolution 
under  accelerated  dynamic  stresses  were  qualitatively 
explained  by  assuming  trapping  and  detrapping  of 
electrons  near  the  oxide  interfaces.  The  role  of  the 
interfaces  in  dynamic  experiments  is  of  uppermost 
importance  because  only  traps  located  near  the 
interfaces  can  alter  their  occupation  state  when  the 
polarization  changes  during  a  short  time  (this  is 
particularly  true  for  dynamic  unipolar  stresses). 
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The  experimental  results  of  the  previous  section 
confirm  the  idea  that  the  reliability  of  the  oxide 
improves  under  AC  conditions,  as  shown  by  break¬ 
down  data  (Ref.  1).  Moreover,  at  least  qualitatively, 
the  degradation  concepts  developped  for  DC  stresses 
have  been  shown  to  be  valid  for  AC  conditions  wi¬ 
thin  both  the  high  and  low-frequency  regimes.  The 
reason  for  the  change  from  one  regime  to  the  other 
requires  a  more  detailed  model  for  the  dynamics  of 
generation,  i.e.  a  model  for  the  frequency 
dependence  of  the  defect  generation  efficiency,  (5. 
The  presentation  of  such  a  model  is  out  of  the  scope 
of  this  paper  but,  the  basic  ideas  developped  by 
Rosenbaum  et  al.  (Ref.  1),  which  involve  transport  of 
holes  to  the  cathode  interface  (or  of  other  type  of 
charged  species  liberated  at  the  anode,  i.e.  H+), 
sound  rather  convincing  if  this  transport  has  the 
generation  of  electron  traps  (near  the  injecting 
interface)  as  the  main  consequence.  The  guidelines 
of  such  a  degradation  model  would  be:  1)  liberation 
of  species  at  the  anode  interface  by  the  energy 
dissipated  in  the  oxide;  2)  transport  of  positively 
charged  species  through  the  oxide;  3)  generation  of 
electron  traps  in  the  bulk  and  near  the  injecting 
interface. 


Figure  6.-  Current  recorded  after  960s  of  stress  as 
a  function  of  frequency  for  each  value  of  the  applied 
voltage. 


As  far  as  the  relation  between  degradation  and 
breakdown  under  AC  conditions,  we  can  compare 
the  results  of  figures  1-3  and  the  breakdown  data  of 
Rosenbaum  et  al.  (Ref.  I).  This  can  be  done  by 
(dotting  the  current  measured  after  a  fixed  stress 
time  as  a  function  of  frequency  for  each  value  of  the 
applied  voltage.  Such  a  representation  of  the  results 


Figure  7.-  Time-to-breakdown  as  a  function  of 
frequency  for  different  oxide fields  (after  Rosembaum 
et  al. .  Ref.  I). 


is  shown  in  Figure  6  for  a  stress  time  of 
approximately  103  s.  In  Figure  7,  the  breakdown 
data  of  (Ref.  1)  are  reproduced  for  comparison.  This 
comparison  demonstrates  with  any  doubt  that  there 
is  a  strong  correlation  between  degradation  and 
breakdown  under  AC  conditions.  High  and  low 
frequency  regimes  are  distinguished  in  both  sets  of 
data,  showing  weak  frequency  dependences  at  both 
low  and  high  frequencies.  A  second  correlation 
comes  from  the  fact  that  the  change  between  one 
regime  and  the  other  occurs  for  critical  frequencies 
which  increase  with  the  electric  field  (voltage 
amplitude  of  the  stress)  also  in  both  cases.  Being 
different  sets  of  samples,  these  are  rather  conclusive 
results,  which  demonstrate  that: 

a)  The  degradation  and  the  breakdown  are  strongly 
correlated  under  AC  dynamic  stress  conditions. 

b)  As  in  DC  stresses,  the  degradation  and  break¬ 
down  are  related  to  electron  trapping  in  the  oxide. 

This  second  point  may  be  controversial  because  we 
have  to  accept  that  the  positive  charge  trapping 
model  of  Chenming  Hu  and  co-workers  is  quite 
widely  accepted  in  the  reliability  community. 
However,  our  results  confirm  the  importance  of 
negative  charge  generation  in  the  degradation  and 
breakdown  of  thin  oxide  films  (Refs.  5-8). 
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ABSTRACT 

Degradation  in  nMOS  transistors  from  gate  oxide 
shorts  is  dependent  upon  oxide  trapping  and  interface 
state  generation.  Three  distinct  damage  mechanisms 
were  identified,  including  generation  of :  1)  electron 
traps  in  the  bulk  oxide  by  the  injected  holes,  2) 
electron  traps  in  the  bulk  oxide  by  the  injected 
electrons,  and  3)  interface  states,  Nv  The  three 
damage  mechanisms  are  incorporated  into  a  device 
lifetime  prediction  method. 

I.  INTRODUCTION 

A  gate  oxide  short  is  an  unintended  electrical 
connection  through  the  gate  oxide  of  an  MOS 
transistor.  Such  a  defect  can  occur  between  the  gate 
and  the  source,  drain,  or  channel  of  the  transistor. 
Gate  oxide  shorts  are  a  major  type  of  fabrication  defect 
and,  in  some  CMOS  processes,  the  dominant  defect 
(Ref.  1).  Detailed  accounts  of  the  physical  origins  of 
gate  oxide  shorts  have  been  presented  by  Soden  and 
Hawkins  (Ref.  2)  and  Yamabe  and  Taniguche  (Ref.  3). 
A  gate  oxide  short  can  cause  diverse  changes  in  the 
electrical  properties  of  a  device  and,  therefore,  can  be 
responsible  for  IC  failures.  Previous  experimental 
(Refs.  1-4)  and  theoretical  (Refs.  5-7)  studies  show  that 
the  phenomena  caused  by  these  defects  are  not 
straightforward.  A  single  gate  oxide  short  can  be 
responsible  for  a  number  of  distinct  electrical  failures 
in  VLSI  IC's.  The  models  traditionally  used  in  this 
area,  such  as  transistor  gate-to-source  and  gate-to-drain 
shorts  (Reft.  8-13),  over-simplify  what  is  taking  place. 
Since  the  physical  phenomena  associated  with  a  gate 
oxide  short  can  lead  to  a  gradual  degradation  of  the 
transistor  characteristics  and  eventually  to  circuit 
failure,  there  is  a  need  to  better  understand  these 
mechanisms. 


Due  to  the  complex  nature  of  the  gate  oxide  short 
defect,  only  gate  oxide  shorts  located  in  the  channel 
region  of  the  transistor  will  be  considered.  This  paper 
covers  three  major  areas. 

The  fust  area  addresses  electrical  properties  affected  by 
a  gate  oxide  short  in  nMOS  test  chip  transistors.  The 
second  area  of  this  paper  employs  a  hot  carrier  induced 
degradation  stress  method  to  examine  the  damage 
mechanisms  at  low  gate  voltages,  medium  gate 
voltages,  and  high  gate  voltages.  Finally  a  physical 
method  for  predicting  the  lifetime  of  a  device 
containing  a  gate  oxide  short  within  the  channel  is 
presented. 

2.  EXPERIMENTAL  PROCEDURE 
2.1  The  Test  Transistor 

The  test  transistors  used  in  this  work  are  polysilicon 
gate  technology,  with  4  trm  metal  line  widths  arid  3  um 
polysilicon  widths  (4/3  technology)  (Ref.  1).  This 
technology  has  a  nominal  0.6  am  thick,  phosphorus 
doped  polysilicon  gate  with  a  resistance  of  15-25  ohms 
per  square.  The  gate  silicon  dioxide  (SiOj)  was 
formed  in  dry  Oj  at  1000  °C  for  thirty  minutes.  The 
n-doping  concentration  of  the  polysilicon  gate  is 
approximately  1017  cm'3  at  the  upper  surface  and 
decreases  to  10M  at  the  SiO;  surface.  The  gate  oxide 
thickness  is  approximately  450  A.  The  n-MOS 
transistors  are  formed  in  a  6  um  n -epitaxial  layer, 
grown  on  a  25  mil  n  substrate.  The  p-wells  are  5  um 
deep  and  were  formed  by  boron  implantation.  All 
source  and  drain  diffusion  depths  are  about  0.5  um  and 
the  operational  range  for  Kdo  is  5  to  10  volts.  The  n* 
source/drain  to  p-well  junction  avalanche  breakdown 
occurs  at  about  17  volts.  The  nMOS  test  chip 
transistors  had  a  drawn  gate  width  of  16  um  and  drawn 
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gate  lengths  of  2  u m,  3  am,  and  4  am.  All  four 
contacts  of  the  defective  transistors  were  isolated. 

2.2  Damage  Technique 

Since  naturally  occurring  gate  oxide  shorts  can  be 
difficult  to  detect  and  analyze  in  complex  VLSI  ICs, 
the  wo rk  presented  here  uses  intentionally  induced  gate 
oxide  sheets.  The  gate  oxide  short  defects  were  created 
using  a  xenon  laser  cutting  instrument  (Florod  Corp.). 
The  laser  pulse  was  passed  through  a  small  rectangular 
aperture  (<  1  um  minimum  dimension)  and  focused 
onto  the  polysilicon  gate.  The  laser  damage  method 
was  chosen  because  it  produces  gate  oxide  short 
defects  electrically  similar  to  manufacturing  defects 
(Ref.  1). 

2.3  Test  Procedure 

A  block  diagram  of  the  test  procedure  is  shown  in 
Figure  I. 


Figure  1.  Block  diagram  of  the  test  procedure. 


3  ELECTRICAL  PROPERTIES  OF  GATE  OXIDE 
SHORTS  IN  ftMOS  TRANSISTORS 

To  establish  a  basis  for  identifying  the  damage 
mechanisms  present  in  an  nMOS  device  containing  a 
gate  oxide  short,  the  electrical  properties  associated 
with  this  defect  type  were  first  examined.  A 
comparison  of  transistor  parameters  before  and  after 
the  rupture  of  the  gate  showed  that  substrate  current 
and  gate  current  were  the  dominant  indicators  of  die 
presence  of  a  gate  oxide  short.  Although  other 
measured  parameters  changed  significantly,  these 
changes  were  inconsistent. 

3.1  Substrate  Current  (/.) 

When  measuring  the  substrate  current,  /„  the  source 
and  substrate  terminals  were  fixed  at  zero  volts,  while 
the  drain  was  fixed  at  5  V.  Gate  voltages  ranged  from 
-2  V  to  S  V.  A  potential  drop  of  5  V  between  the 
source  and  drain  ensured  a  maximum  substrate  current 
while  the  gate  voltage  was  varied.  Figure  2  shows  the 
test  condition  schematic  used  in  substrate  current  (/,) 
measurements. 
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Figure  2.  Test  condition  schematic  for 

substrate  current  measurements. 

A  transistor  cross  section  showing  the  substrate  current 
is  shown  in  Figure  3. 
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Figure  3.  Cross  section  of  a  transistor  showing 

the  substrate  current  (1J. 
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When  a  gate  oxide  short  is  present  in  the  channel 
region,  the  resulting  substrate  current  displayed  a 
diode-like  (rectifying)  characteristic,  corresponding  to 
the  pn  junction  that  is  formed  between  the  p-well  and 
the  n-doped  polysilicon  gate.  A  typical  la  vs  Vc  curve 
is  shown  in  Figure  4.  For  negative  gate  voltages  lower 
than  -0.6  to  -0.7  V,  the  junction  is  strongly  forward- 
biased  and  high  current  is  observed.  The  substrate 
current  contribution  for  a  positive  gate  voltage  is  not 
due  to  the  gate  oxide  short  and  was  also  observed  in 
non-defective  transistors.  Changes  in  the  substrate 
current,  although  consistent,  proved  to  be  significant 
only  at  negative  gate  voltages,  which  are  not  typically 
used  in  normal  CMOS  IC  operation. 
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Figured.  Substrate  current.  If.  versus  gate 

voltage.  for  a  device  that  contains 
a  GOS. 

3.2  Gate  Leakage  Currem  IF) 

Gate  current  (Ic)  is  an  important  indicator  of  potential 
oxide  defect  mechanisms.  The  gate  current 
characteristic  in  a  defective  device  proved  to  be  not 
only  a  reliable  indicator  of  the  presence  of  a  gate  oxide 
shon  but  also  identified  the  defect’s  general  location. 
Measurements  of  lc  in  the  defective  transistors  resulted 
in  five  distinct  types  of  lc  versus  Vc  defect 
characteristics.  However,  only  defects  that  produced 
non-linear  gate  current  (connection  between  the  n- 
doped  polysilicon  gate  and  the  p-well)  will  be 
discussed  in  this  paper.  A  typical  Vc  characteristic 
for  such  defect  is  shown  in  Figure  5. 

Quadrant  III  in  figure  5.  shows  a  sharp  increase  in  Ic 
when  Vc  is  negative.  This  increase  occurs  between  - 
0.5  and  -0.7  V,  which  indicates  that  the  creation  of  a 
gate  oxide  short  caused  a  connection  between  the  n- 
doped  polysilicon  gate  and  the  p-well.  Thus,  the 
increase  in  lc  with  negative  gate  voltages  is  a  result  of 
the  forward  biased  diode  current.  Quadrant  I  in  Figure 


5  shows  the  reverse  bias  state  of  the  "defect  junction" 
with  a  soft  breakdown  current  beginning  at  Vc  =  1.8 
V,  This  breakdown  is  well  below  the  avalanche 
breakdown  voltage  (17  V)  of  normal  pn  junctions  in 
this  technology.  The  100  uA  current  limit  was  the 
programmed  value  used  for  the  HP  4145A. 


4.  EVALUATION  OF  HOT  CARRIER  INDUCED 
DEGRADATION  IN  nMOS  DEVICES 
CONTAINING  GATE  OXIDE  SHORTS. 

Hot-carrier-induced  transistor  degradation  arises  from 
the  high  energy  acquired  by  channel  carriers,  either 
electrons  or  holes,  as  they  move  from  the  source  to  the 
drain  (Ref.  14).  Hot  electrons  are  emitted  in  nMOS 
transistors  from  either  the  silicon  substrate  or  the 
surface  channel  into  the  gate  oxide  when  channel  field 
strength  is  sufficiently  large.  Some  of  the  carriers  may 
acquire  enough  energy  (3.7  eV)  to  overcome  the 
Si/SiO;  barrier  and  pass  into  the  gate  dielectric. 
Subsequent  trapping  of  the  carriers  injected  into  the 
oxide  can  cause  instabilities  in  the  form  of 
transconductance  degradation  and  threshold  voltage 
drift  with  time. 

it  is  proposed  that  nMOS  transistor  degradation  due  to 
the  presence  of  a  gate  oxide  short  is  analogous  to  the 
hot-carrier  charging  phenomenon  occurring  at  the 
defect  site.  When  a  gate  oxide  short  forms,  the  regular 
nature  of  the  insulator  is  disrupted,  thus  creating 
defects  within  the  oxide.  These  defects  generate 
discrete  electronic  energy  states,  or  traps,  within  the 
forbidden  energy  band  of  the  oxide.  These  allowed 
energy  states  can  act  as  dynamic  recombination 
centers,  capturing  both  electrons  and  holes.  Therefore, 
the  presence  of  a  gate  oxide  short  increases  the  number 


of  traps  present  in  the  oxide,  as  well  as  the  electric 
field  through  which  the  carriers  move.  This 
phenomenon  increases  the  energy  of  the  channel 
carriers,  thus  enabling  them  to  enter  the  dielectric.  The 
filling  and  emptying  of  the  traps  can  change  the  degree 
of  degradation  in  the  transistor  characteristics  and  can 
accelerate  the  failure  mechanism. 

In  order  to  characterize  the  transconductance  and 
threshold  shift,  in  a  device  containing  a  gate  oxide 
short,  as  a  function  of  the  gale  voltage,  several  devices 
containing  a  gate  oxide  short  were  stressed  at  different 
gate  voltages  (Vc  =  0.5,  1,  1.5,  2,  3,  and  4  V)  and 
constant  drain  voltage,  VD  -  8  V,  for  500  seconds. 
This  was  followed  by  an  electron  injection  phase  at  Vc 
=  V0  =  8  V  for  30  seconds.  The  transconductance 
change  is  shown  in  Figure  6  where  each  point  on  the 
curve  represents  one  of  the  test  transistors.  Curve  A 
represents  the  transconductance  degradation  after  the 
initial  stress  and  curve  B  represents  the 
transconductance  degradation  after  the  electron 
injection  phase  (Va  *  Va  =  8  V). 

Figure  6  shows  that  the  maximum  damage 
(transconductance  shift)  after  the  first  stress  occurred  at 
Vc  =  2  V.  This  condition  corresponds  to  the  maximum 
substrate  current,  and  the  maximum  hot  electron 
generation.  After  the  electron  injection  phase,  the 
maximum  transconductance  shift  occurred  at  a  lower 
gate  voltage  (around  Vc=  1.0  V).  Also,  the  magnitude 
of  degradation  was  almost  four  times  greater  than  that 
before  electron  injection.  The  difference  between  the 
two  curves  is  due  to  created  oxide  traps. 


Figure  7  shows  the  threshold  voltage,  behavior  as 
a  function  of  applied  gate  voltage,  Vc>. 


It  is  clear,  from  Figure  7,  that  the  threshold  voltage 
was  strongly  affected  by  the  electron  injection  phase. 
During  the  initial  stress,  a  negative  shift  in  the 
threshold  voltage  was  measured  for  Vc  <  2  V  which 
indicates  a  positive  trapped  charge  in  the  oxide.  Foi 
VC>2V,  no  positive  charge  was  trapped,  as  indicated 
by  the  measured  positive  threshold  voltage  shift.  Aftet 
the  electron  injection  phase  (Vc  =  V0  =  8  V),  the 
positive  charge  that  was  trapped  during  the  first  stress 
was  compensated  by  injected  electrons  for  Vc  <  2  V. 


Next,  floating  gate  measurements  (Ref.  15)  wen 
performed  to  correlate  the  observed  damage  ii 
threshold  voltages  and  transconductances  to  the  gati 
current  for  a  device  biased  at  high  drain  voltage.  Thi 
method  uses  the  charge  injected  into  the  oxide  h 
charge  or  discharge  the  gate,  which  is  not  biasei 
(floated).  From  the  rate  of  charging  or  discharging,  th 
gate  cuirent  and  its  sign  can  be  determined.  Figure 
shows  the  gate  current,  as  a  function  of  gat 
voltage,  Vc  for  a  fixed  drain  voltage,  VB  =  8  V. 


Figure  8.  Floating  gate  current  as  a  function 

gate  voltage. 
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There  arr  three  itMgor  regions  of  the  gait  vohagt  range 
(Reft  16-11)  in  which  markedly  different  damage 
mechanisms  occur  These  three  regions  are 
distinguished  by  (he  charge  injected  into  the  oiidc 
during  hot-camer  stress 

Region  I:  The  ion  gate  cottage  region,  withm 

which  holes  are  the  predominant 
component  of  the  gate  current 

Region  2:  The  medium  gate  cottage  region. 

where  both  electrons  and  holes  art 
injected  in  approsimael*  equal 
numbers 

Region  )  The  high  gale  voltage  region,  where 

electrons  m  the  main  gait  current 
species. 

In  Region  I.  the  predominant  damage  mechanism  is 
due  to  generation  of  electron  trap*  n  the  bulk  ocidt  be 
the  injected  holes.  Nmt  These  electron  trap*  arc 
initially  neutral,  which  precludes  obsenamn  oi  thru 
effects  However.  if  the  stressed  transistors  (Curve  A 
tn  Figures  6  and  7)  were  injected  with  electron  t brief 
stress  with  V6«  VB  -  t  V).  the  neutral  traps  became 
charged  and  contributed  lo  the  degradation  (Curse  B  m 
Figure  6  aid  7)  The  charged  traps  caused  the 
threshold  voltage  shift  values  to  change  from  negative 
to  positive  (Figure  7)  and  caused  a  significant  increase 
■n  the  transconductance  (Figure  6) 

Region  2  of  Figure  •  represents  the  gate  voltage 
condition  for  injection  of  both  electron  and  holes  «n»o 
the  oside  This  condition  is  normally  interpreted  as 
corresponding  to  the  creation  of  interface  dates  .V„ 
(Refs  Id-2))  Therefore,  the  dominant  damage 
mechanism  is  due  to  the  generation  of  interface  Bates. 

at  medium  gate  voltage*  (Ve  s  Vr  2)  Interface 
traps  alone  would  produce  a  positive  V,  shift  due  to 
mobility  degradation  (Ref  201  Therefore,  as  the 
number  of  interface  states  increases  with  higher  gar 
voltages,  the  effort  of  the  original  trapped  positive 
charge  is  mashed,  which  leads  to  a  positive  threshold 
voltage  shift 


electron  injection  phase  tor  high  gate  voltage*  (see 
Figure  6) 

5  LIFT  TIME  PREDICTION  METHOD  FOR 
DEVICES  CONTAINING  A  GATE  OXIDE  SHORT 

The  previous  suction  demonstr  ated  that  the  presence  of 
a  gate  oside  shots  in  dev  ices  causes  damage  ui  the 
form  of  interface  trap  creation.  and  oside  maps. 
S'm ,  and  »  the  delect  site  These  mechanisms 
can  eventually  lead  to  premature  circuit  failure  by 
decreasing  the  transistor  lifetime  In  order  to  develop 
an  accurate  method  for  predicting  the  lifetime  of  a 
device  containing  a  gate  ostdr  short  the  damage 
mechanism.  which  is  highly  dependent  on  the  voltage 
of  operation,  must  be  considered  Therefore,  (he 
following  procedure  is  divided  uno  three  parts  low 
gate  voltage  drvm  stressing  (V,  -  Vyd).  medium  gate 
voltage  deuce  stressing  ( V't  *  V„2t  and  high  gate 
voltage  device  sensing  ( Vy;  -  V<  •  \lt)  The  hletime 
of  a  done  is  defined  at  the  tune  necessary  lot  s 
transconductance  shift  (nG„)  of  1 0*v 

f  I  Lew  Gee  Vahagn  Siren 

The  mam  damage  mechanisms  at  low  gate  voltages 
resvh  hum  the  injection  of  avalanche -generated  hot 
holes  mto  die  oside  Tbew  injected  holes  can  create 
nesanl  electron  asps  and  hole  traps  (Refs  17,11.241 
The  hole  traps  do  not  significantly  affect  transittoi 
Ufa  one  ctunums  and  will  not  be  discussed  Initially 
ii  was  not  evident  Oval  electron  imps  were  being 
crewed  m  km  gar  wofcagr  Brew  Since  the  traps  wen 
neutral,  then  effects  on  the  current  versus  vnltagi 
chare oenancs  were  not  observed  However,  when  On 
•nested  transistors  were  injected  with  electrons  (bne 
stress  with  high  Ic  equal  to  »BI.  the  neutral  trap 
became  Charged  and  contributed  to  the  degrsdstion,  a 
seen  in  the  previous  section  Figure  9  show*  th 
nawaor  bfetene  <r«,  J  fa  oside  trap  damage  create 
a  low  gae  voltages  as  a  function  of  the  rare  c 
substrew  current  to  drain  current  (  /,f„! 

h  can  be  seen  tha  all  devices  lie  approstmareh  alor 
a  stroght  line  tha  obeys 


The  thud  type  of  stress  damage  occurs  a  high  gat 
vi’-bages,  or  Ragwi  )  of  F  tgure  g.  where  the  dim  event 
datsagt  mechanism  is  the  govenetee  of  electron  Rapt 
tn  the  Glide  by  the  injected  electron*.  Hmr  In  this 
region,  t  ptnRrre  hmhoM  voltage  shift  »«  observed, 
which  is  slightly  affected  by  the  electron  injection 
phase  (Figure  7)  furthermore,  da  jramcondactante 
degtadahoR  t  warned  the  same  before  and  after  the 
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where  t  is  the  trenswtot  lifetime  fa  low  gi 
vrdtapt  seres  I,  aid  lr  are  the  substrate  and  the  dri 
cy  icm*  doting  stress  The  constants  A  and  n  wt 
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TW  titew*  prediction  method  developed  here  fat  hii 
(»,  vr9u*r  «*w  «  bored  on  the  f*e  current  *»  ’J 
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xahipn  dan  ft*  njtntrm  current,  »h«*  »»  <»t*d 
pixdiii  intartm*  trtfi  lifetime*  (Ref*  it’  '>>  T 
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Tik  Jau  in  figu re  1 1  form  straight  lines  for  each  of 
3k  mo  trammers.  »«fi  appraumari)  equal  gradients 
Thun,  the  aanuonr  lifetime  at  high  (A  toltatc  stress 
can  he  rxpenmetually  expressed  at 
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Where  n  the  transittor  Metimc  unde  high  gat 
ioiupr  tents*  /»  read  4  ere  B*  Mm  aid  gate  currents 
during  stress  The  centimes  C  and  p  are  determined 
b?  fit ting  the  cspenmeaul  data 

h  dniai  be  esnphaanad  bate  that  the  dost 
leLawenhip  only  applies  >kn  Vc  “  V,  (or  raher. 
under  eandewm  of  ctmsuef  gate  field  been  tea  gae 
and  dr tml  3 etc*  tc  depends  M  bods  the  field  m  the 
uinoe  aid  da  Add  a  da  ouJt.  changing  the  gar-te- 
dram  ««hjg*  ia>o  afoo  changes  the  o<>dc  field,  and 
•tanas  the  tana  far  risen  ows  ta  the  eaxk  higher 
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,MrrlM*  traps  a*  the  ratio  VyV^  approaches  0  5 


The  coeertbtttam  of  the  dee*  dan  age  mechanisms  to 
the  device's  liMtm*  cm  be  cakutaed  by  integrating 
eqwatwos  I  through  )  over  one  period.  T  The 
resulting  repressions  for  da  lifetimes  due  to  each  of 
the  three  physaca)  atechmntm  art  guest  by 
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Treating  l't  as  a  damage  function,  the  tout  dynamic 
stress  damage  cm  be  repressed  as 
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Note  tha  equation  7  taka  into  account  the  actual  stress 
conditions  to  which  MOSFETs  are  subjected  under 
normaJ  cacur  operation  It  taka  into  account  the  three 
damage  mechanisms  described  m  the  previous  sections 

4  CONCLUSIONS 

This  study  provided  a  better  undemanding  of  the 
damage  mechanisms  in  a  device  containing  a  gate 
oatde  short  dial  lead  to  the  gradual  degradation  of  its 
character! si «cs  and  to  eventual  transistor  failure  The 
results  of  this  work  provide  several  important  insights 
regarding  the  impact  of  a  gate  oxide  short  defect  on 
transistor  performance  Degradation  of  the  electrical 
properties  in  «MCS  transistors  from  g Me  oxide  shorts 
was  found  to  be  dependent  upon  both  oxide  trapping 
and  eeerfacr  state  generation  The  presence  of  a  gate 
oxide  short  reduces  the  device's  lifetime,  which 
jfopardim  the  reliability  of  the  integrated  circuit  The 
damage  mechannms  associated  with  gale  oxide  shorts, 
as  well  a  the  stress  conditions  that  generate  these 
mechanisms,  were  identified 
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Abstract  •  Measurements  based  on  a  time-resolved 
free -carrier  absorption  (FCA)  technique  are  used  to  map 
the  local  carrier  densities  two-dimcnsionally  at  any  time 
of  the  switching  cycles.  Inductively  loaded  GTO:s  under 
snubberless  operation  close  to  the  safe  operating  area, 
SOA,  are  studied. 

The  results  of  the  experimental  research  give  visible 
evidence  of  the  relationship  between  e.  g.  the  turn-off 
gain,  G,  and  an  uneven  development  of  the  field  region 
in  the  blocking  junction  of  the  device.  The  irregularity 
of  the  field  region  is  denoted  in  this  work  as  a  quasi 
space-charge  region  (QSC).  During  the  fall-time  period 
of  the  turn-off,  the  QSC  expands  towards  the  anode 
emitter,  and  causes  a  local  enhancement  of  the  anode 
emitter  injection  viz  local  dynamic  punch-through  in 
the  n  base.  As  a  consequence  of  this  punch-through 
mechanism,  a  high  peak  of  excess  holes  is  built  up  in 
the  p  base  and  reaches  a  maximum  value  at  the 
beginning  of  the  tail  period.  This  charge  depolarizes  the 
cathode  junction  locally,  and  current  filaments 
connecting  the  cathode  and  anode  sides  of  the  device  is 
farmed. 

It  is  a  well-know  fact  that  the  use  of  a  highly  doped  p 
base  Ir-ds  to  a  reduction  in  current  gain  of  the  n-p-n 
transistor  portion  of  the  GTO.  Thus,  a  reasonable 
conclusion  is  that  a  higher  peak  of  excess  holes  in  the  p 
base  is  needed  to  re-trigger  the  device,  and,  consequently, 
the  SOA  range  is  enlarged. 

1.  INTRODUCTION 

High-power  gaic-lum  off  (GTO)  thyristors  are  becoming 
the  commercial  key  to  power  control.  Specific 
applications  are  e.  g.  electric  trains  and  power 
transmission  systems.  The  device  characteristics  of  such 
switches  are  similar  to  those  of  a  thyristor  (SCR)  except 
for  the  controlled  turn-off  feature  by  means  of  gate 
operation,  thus  making  otherwise  needed  commutation 
circuits  excessive. 

Operating  an  inductively  loaded  semiconductor  power 
device  may  be  associated  with  dynamic  breakdown 
phenomena.  In  the  case  of  GTO  thyristors,  the  dynamic 
range  of  turn-off  operation  is  defined  by  the  the  safe- 
operating  area  (SOA).  The  SOA,  however,  is  only  an 
empirical  measure  of  the  ultimate  conditions  for 
allowable  operation,  but  the  breakdown  mechanisms 
involved  in  these  limits  may  not  be  well  known. 
Questions  to  be  raised  in  this  aspect  would  certainly 
comprise  what  process  steps  or  treatment  could  be 
performed  in  order  to  enlarge  the  SOA  range. 
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In  this  paper,  experimental  results  from  frcc-carrier 
absorption  (FCA)  measurements  paired  with  electrical 
measurements  facilitate  for  the  understanding  of  SOA 
limitations.  The  FCA  technique  is  briefly  described 
below,  and  a  complete  description  is  found  in  (Ref.  1). 
A  3.39-pm  laser  is  scanning  one  of  the  free  sample 
surfaces,  i.  e.  a  surface  perpendicular  to  the  anode  and 
cathode  surfaces.  Due  to  the  silicon  transparency  of  light 
of  this  wavelength  the  laser  beam  is  only  probing  free 
carriers  injected  into  the  structure,  and  not  carriers 
present  in  thermal  equilibrium.  The  photons  of  the  laser 
beam  arc  absorbcd/scaucrcd  by  the  injected  carriers,  thus 
decreasing  the  light  transmitted  through  the  sample. 
Transmitted  photons  arc  detected  by  means  of  a  photo 
diode,  and  the  signal  is  processed  in  a  digital 
oscilloscope  before  the  data  manipulation  and 
presentation  in  a  small  computer.  Fig.  1  is  showing  a 
typical  output  of  the  measurements,  i.  t.  a  carrier  map. 
and  for  clarity  the  carrier  map  is  placed  on  top  of  a 
schematic  sample  outline  and  a  doping  profile. 


Fig.  I .  A  typical  FCA  measurement  output  placed  on 
top  of  a  schematic  sample  and  doping  profile. 

Fig.  1  also  contains  two  arrows  showing  the 
possibilities  of  measurement  on  an  oblong  sample  like 
a  GTO  unit  cell.  The  arrow  angles  arc  perpendicular,  and 
the  angle  marked  with  an  'a'  represents  a  long -side 
measurement  or  a  cathode- length  measurement  whereas 
the  angle  marked  with  a  "b”  represents  a  short-side 
measurement  or  a  cathode- width  measurement 

2.  GTO  TURN-OFF  HAZARDS 

The  electrical  characteristics  of  the  GTO  uim-olT  process 
is  divided  into  three  stages:  the  storage  period  -  the 
interval  between  uim-off  triggering  and  the  beginning  of 
the  rapid  fall  of  the  anode  current;  the  fall-time  period  - 
the  rapid  transition  between  high  an  tow  values  of  the 
anode  current  ending  by  definition  when  the  cathode 
current  changes  sign  (the  turn-off  point);  and  the  tail 
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period  -  the  interval  succeeding  the  tum-off  point. 
During  these  cycles  different  processes  effect  the  internal 
carrier  distribution  of  the  device.  Two  phases  of  plasma 
squeezing  occur  (Refs.  2,  3).  These  phases  are 
illustrated  in  Fig.  2. 


Storage  process 


Fig.  2.  Illustration  of  the  3-D  plasma  squeezing 
process. 


The  first  phase  of  plasma  squeezing  is  mainly 
observable  in  the  cathode-width  direction,  and  the  speed 
of  this  process  is  controlled  by  the  gate  determining  the 
length  of  the  storage  period.  The  second  phase  goes  in 
the  cathode- length  direction,  where  the  extension  of  the 
plasma  is  collapsing,  thus  making  a  current  filament  in 
the  center  region  of  the  device.  In  previous  publications, 
it  was  shown  that  this  filament  is  modulating  the 
electric  field  of  the  blocking  junction  of  the  device 
(Refs.  2-4).  This  area  is  denoted  by  us  as  the  quasi 
space-charge  region  (QSC).  As  the  QSC  is  approaching 
the  anode  junction,  a  local  enhancement  of  the  anode 
emitter  injection  is  invoked.  For  increasing  blocking 
voltages  the  QSC  gets  closer  to  the  anode  junction,  thus 
increasingly  connecting  the  anode  to  the  p  base.  In  this 
way,  a  local  punch-through  mechanism  in  the  n  base  is 
acting  as  a  first  step  of  a  chain  of  events  promoting 
failure. 

At  the  tum-off  point,  the  electron  supply  of  the  cathode 
emitter  is  cancelled,  and  shortly  hereafter  the  gate- 
cathode  junction  goes  into  avalanche.  The  number  of 
holes  entering  the  p  base  exceeds  the  number  of  holes 
extracted  by  action  of  the  gate.  Since  the  holes  remain 
focused  in  the  p  base  center  region,  a  piling  up  of  holes 
is  initiated  there.  The  piling  up  of  holes  in  the  p  base  is 
located  to  the  center  of  the  GTO  cell,  exactly  at  the 


place  where  the  fail-time  carriers  previously  were 
focused. 

Now,  if  the  hole  concentration  in  the  p  base  reaches  the 
critical  vaiue  for  gate-cathode  junction  depolarization, 
the  conditions  are  favorable  for  local  re-triggering  of  the 
device.  Since  the  excess  hole  charge  is  concentrated  to  a 
small  region  in  the  p  base,  device  re-triggering  will  be 
of  a  local  nature  thus  promoting  current-filament 
formation,  and  this  second  event  makes  the  tum-off 
failure  of  the  GTO  a  fact 

i.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

In  order  to  verify  the  described  plasma  squeezing 
process,  FCA  measurements  from  the  short  side  as  well 
as  from  the  long  side  of  a  GTO-thyristor  unit  cell  have 
been  performed.  Fig.  3  is  displaying  a  tum-off  carrier 
map  sequence  of  an  anode-shorted  GTO  unit  cell  taken 
from  the  short  side  (cf.  direction  "b"  of  Fig.  1),  and 
Fig.  4  is  displaying  the  corresponding  measurement 
taken  from  the  long  side  (cf.  direction  "a”  of  Fig.  l). 


Fig.  3.  Turn-off  carrier-map  sequence  of  an  anon- 
shorted  sample  taken  from  the  short  side. 


Fig.  4.  Turn-off  carrier-map  sequence  taken  from  I 
long  side  of  the  sample  of  Fig.  3. 
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Both  Figs.  3  and  4  present  measured  sequences  of  the 
carrier  distribution  at  different  moments  of  the  turn-off 
cycle,  which  also  are  marked  by  dots  in  the  electrical 
characteristics  of  each  figure.  The  QSC  in  these  cases  is 
represented  by  a  ridge  of  carriers  (filament)  which  is  a 
consequence  of  the  anode  design.  Anode  design  and 
orientation  of  the  sample  arc  also  presented  in  Figs.  3 
and  4.  As  can  be  seen  in  Figs.  3  and  4,  the  filament  has 
the  same  shape  independently  of  measurement  direction. 
This  observation  indicates  that  the  filament  becomes 
cylindrical  already  at  the  end  of  the  fall-time  period,  and 
it  is  active  far  in  the  tail  period. 
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Fig.  6.  Measured  build-up  of  holes  in  the  p-base  of  a 
non-shorted  GTO  sample  operated  close  to  the  SOA 
limit. 

In  the  case  of  a  highly  doped  p  base,  the  required 
concentration  to  depolarize  the  gate-cathode  junction 
must  be  higher  due  to  the  reduction  in  current  gain  of 
the  inherent  n-p-n  transistor  portion  of  the  GTO 
thyristor. 

4.  SIMULATION 


Fig.  5.  SOA  measurements  on  GTO  samples  of 
different  p-base  doping. 

The  QSC  may  be  represented  by  a  ridge  of  carriers  in  the 
carrier  maps  or  by  the  opposite,  i.  e.  an  incision, 
depending  of  the  anode  design  (Ref.  6).  This  has  to  do 
with  the  different  anode  injection  efficiencies  of  the 
different  anode  designs.  According  to  (Ref.  5),  a 
relationship  between  the  tum-off  gain,  G,  and  the  QSC 
electric-field  value  is  proposed.  This  relationship  has 
also  been  experimentally  observed  and  discussed 
(Refs.  2,  3).  Recently,  a  careful  investigation  of  this 
relationship  was  performed  regarding  both  experiments 
and  simulation  (Ref.  6).  In  this  work  it  is  shown  that 
the  QSC  is  absent  if  the  G  value  is  close  to  unity.  For 
higher  G  values,  although  the  same  blocking  voltage  is 
applied,  die  QSC  expands  deeper  in  the  n  base.  Thus, 
the  SOA  limit  becomes  lower  for  higher  G  values  than 
for  the  case  of  G  close  to  unity.  This  effect  is  shown  in 
Fig.  5  where  the  SOA  limit  is  negatively  sloping  for 
increasing  tum-off  gain.  Two  sets  of  samples  arc 
presented  here,  each  of  different  p-base  doping.  One  of 
the  sets  is  associated  with  a  surface  concentration  of  p- 
base  dopants  of  6-10^1  cm '3,  and  the  other  of 
110>8cm-3. 

However,  samples  where  the  QSC  is  represented  by  an 
incision  give  a  more  accessible  information  about  the  p- 
base  behaviour  prior  to  a  failure,  see  Fig.  6.  In  Fig.  6, 
an  example  of  a  non-shorted  sample  with  an  n*  buffer 
layer  adjacent  to  the  p+  anode  was  used.  In  this 
sequence,  a  p-base  carrier  peak  is  clearly  visible,  and  is 
still  increasing  a  few  hundred  nanoseconds  in  the  tail 
period.  The  closer  the  blocking  voltage  comes  to  the 
critical  value,  the  higher  becomes  the  peak.  It  has  been 
shown  experimentally  that  the  peak  of  carriers  is  almost 
unipolar,  thus  made  up  out  of  holes  (Refs.  2,  7). 


Three-dimensional  transient  simulations  were  performed 
to  illustrate  the  experimentally  observed  3-D  effects  of 
the  GTO  tum-off  process.  A  quarter  of  a  non-shorted,  n+ 
buffered  GTO  unit  cell  was  simulated  using  the  3-D 
device  simulator  daVinci  by  TMA.  The  results  of  the 
simulations  of  the  device  for  a  tum-off  gain  of  3, 
approximately,  arc  shown  as  current-density  contours  in 
Fig.  7.  The  3-D  transient  simulations  confirm  the 
formation  of  a  high-current  filament  as  discussed  in 
previous  sections. 


Fig.  7.  3-D  turn-off  simulation  of  a  non-shorted  GTO 
sample  showing  the  current-density  contours  in  Al cm ?. 

In  Fig.  7,  the  conducting  area  is  collapsing  into  a 
cylindrical  current  filament  during  the  transition  between 
the  storage  period  and  the  fall-time  period,  cf.  the  maps 
marked  (1  and  t2.  Moreover,  the  simulations  predict  the 
survival  of  the  high  drift-current  filament  even  after  the 
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lum-off  point  (not  shown  in  Fig.  7). 

Although  3-D  simulations  were  used  to  produce 
qualitative  evidence  for  the  current  filamentation,  and, 
hence,  the  device  proportions  were  not  outlined 
correctly,  a  far  better  agreement  with  experiments  were 
obtained  than  using  2-D  simulations.  It  should  be 
clearly  stated  that  2-D  simulations  are  inadequate  for 
unprejudiced  predictions  of  the  GTO  lum-off  process. 

S.  CONCLUSIONS 

The  turn-off  failure  of  GTO  thyristors  is  dependent  of 
the  lum-off  gain,  G.  If  the  G  value  is  well  exceeding 
unity  a  dynamic  punch-through  failure  may  occur.  The 
failure  mechanism  is  composed  by  a  chain  of  events, 
which  is  summarized  in  the  following: 

When  entering  the  turn-off  fall  time  period  an  unevenly 
distributed  electric  field  is  developing  in  the  blocking 
junction.  If  the  blocking  voltage  is  close  enough  to  the 
critical  value  of  the  SOA,  the  field  region  approaches 
the  anode  junction.  Thus,  an  enhanced  anode  injection 
lakes  place  locally,  and  holes  are  supplied  to  the  p  base 
of  the  device.  These  holes  arc  piled  up  and  kept  focused 
by  action  of  the  gate.  If  the  amount  of  holes  is  large 
enough  to  depolarize  the  gate-cathode  junction,  local  re- 
triggering  will  occur  and  a  drift-current  filament  is 
formed.  The  current  density  of  the  filament  is  of  such  a 
magnitude  that  localized  heating  finally  makes  the 
failure  destructive.  Hence,  monitoring  thep-base  peak  of 
holes  facilitates  for  failure  studies. 

If  the  p-base  doping  is  increased,  the  ratio  between  the 
p-base  peak  and  the  p-basc  doping  will  decrease  for  a 
certain  blocking  voltage.  Thus,  higher  p-base  doping 
will  increase  the  SOA  range.  In  other  words,  the 
degradation  of  the  n-p-n  current  gain  of  the  GTO  due  to 
an  increased  p-base  doping  reduces  the  influence  of  a 
dynamic  punch-through  as  regards  lum-off  failure. 

The  FCA  measurements  clearly  show  the  3-D  nature  of 
the  tum-off  process  of  a  GTO  due  to  the  oblong  shape 
of  the  device.  Hence,  2-D  simulations  arc  insufficient 
for  predictions  of  tum-off  effects  without  knowledge  of 
the  effects  in  beforehand.  Using  2-D  simulators  for 
GTO  tum-off  investigations  would  require  several  tricks 
in  order  to  achieve  a  highly  increased  current  density  due 
to  plasma  squeezing  in  a  direction  which  is  not 
accounted  for. 

Even  if  3-D  simulation  facilities  are  available  one 
should  bear  in  mind  that: 

-  Simulation  alone  might  not  give  the  sought 
information  by  definition,  because  realistic  dimensions 
of  the  device  (or  at  least  true  proportions)  will  generate  a 
tremendous  amount  of  grid  points  for  the  numerical 
solution  of  the  transport  equations.  In  addition,  some 
transport  parameters  have  to  be  experimentally 
determined  or  correlated  to  device  processing.  Another 
uncertainty  factor  in  simulation  work  is  if  the  physical 
models  reliable  or,  rather,  to  what  extent  the  models  are 
applicable. 

-  3-D  simulations  are  extremely  lime  consuming.  The 
simulations  presented  in  this  paper  had  to  use  weeks  in 
CPU  time  in  a  powerful  work  station. 

Thus,  in  order  to  achieve  reliable  knowledge  of  funda¬ 
mental  physical  phenomena  in  a  transiently  operated 
GTO  thyristor,  3-D  simulations  should  be  used  together 
with  3-D  experimental  results  from  e.  g.  FCA 
measurements. 
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ABSTRACT 

A  novel  laser  technique  for  the  internal  probing  of 
carrier  and  temperature  gradients  is  presented, 
which  allows  for  the  first  time  the  measurement  of 
absolute  temperatures  inside  the  low-doped  region 
of  power  semiconductors.  The  absolute  carrier 
concentration  is  measured  by  absorption,  and  the 
dilatation  of  the  device  by  external  laser 
interferometry,  respectively.  Experimental  results 
are  compared  with  computer  simulations. 

1.  INTRODUCTION 

Recent  trends  for  power  semiconductors  towards  a 
shrinking  of  the  device  size,  with  a  subsequent 
increase  in  current  density  as  well  as  the  demand 
for  improved  switching  characteristics  require  a 
detailed  comprehension  of  the  internal  electrical 
and  thermal  transport  phenomena  within  the  device. 
The  numerical  solution  of  the  Poisson  equation  and 
the  semiconductor  transport  equations  is  a  well 
established  procedure.  Nevertheless  only  a  few 
experimental  techniques  have  been  proposed  to 
verify  the  results  achieved  by  the  device  simulation. 
Both  the  measurement  of  free  carrier  absorption 
(Refs.  1-2),  and  the  electron-hole  recombination 
radiation  (Ref.  3)  yield  information  on  the  carrier 
concentration.  However,  dynamic  effects  which  are 
important  for  the  device  functioning,  like  carrier 
density  gradients  that  occur  during  switching 
operation,  are  difficult  to  observe.  The  local 
temperature,  being  a  keypoint  for  the  design  of 
power  semiconductors,  cannot  be  studied. 

This  paper  presents  a  novel  approach  to  detect 
gradients  of  both  carrier  concentration  and 
temperature  with  high  temporal  and  spatial 
resolution  within  power  semiconductors  during 
transient  operation.  Transport  phenomena  under 
strong  non-equilibrium  conditions  in  semi¬ 
conductors  are  therefore  accessible  for  experimental 
studies. 

This  technique  is  accompanied  by  free-carrier 
absorption  measurements  to  determine  the  absolute 


carrier  concentration,  and  by  measurements  of  the 
thermal  expansion  with  a  highly  sensitive  laser 
interferometer.  The  experimentally  determined 
dynamic  behaviour  of  the  device  is  subsequently 
compared  with  the  computer  simulation. 


2.  INSTRUMENTATION 

Carrier  densities  and  temperatures  within  a 
semiconductor  material  are  probed  with  an  infra-red 
laser  beam  incident  on  the  side  face  and 
transilluminating  the  bulk  of  the  device.  The 
detection  principle  is  based  on  the  fact  that  the  local 
index  of  refraction  of  a  semiconductor  is  dependent 
on  the  free  carrier  concentration,  as  well  as  on  the 
temperature.  Gradients  in  both  carrier  density  and 
temperature  will  therefore  lead  to  a  gradient  in  the 
refractive  index,  which  in  turn  will  deflea  the 
transmitted  laser  beam.  The  principle  is  outlined  in 
Figure  1.  A  position  sensitive  photodetector  is  used 
to  measure  the  probe  light  defleaion,  thus  allowing 
a  quantitative  determination  of  charge  and 
temperature  gradients  within  an  operating  power 
semiconductor  device. 


Figure  1:  The  measurement  princip'e  used  for 
internal  laser  probing. 

Furthermore,  the  free  carrier  absorption  can  be 
measured  simultaneously  with  the  same  probe, 
yielding  results  on  the  carrier  density. 

It  is  worth  mentioning  that  the  detected  charge  and 
temperature  gradients  are  due  to  the  electrical 
operation  of  the  device  under  test;  in  contrast  to 
hitherto  published  work  (Refs.  4-5)  an  optical 
excitation  is  not  required. 


The  measurement  result  represents  a  line  integral  of 
carrier  and  temperature  gradients  along  the  beam 
path,  rather  than  a  value  at  a  specific  location.  By 
scanning  the  beam,  the  local  electronic  and  thermal 
transients  can  be  mapped.  The  spatial  resolution  is 
given  by  the  effective  probe  beam  diameter. 
Typically  a  3  mm  diameter  device  allows  for  an 
average  beam  width  of  30  pm. 
lr.  the  present  measurement  set-up  the  laser  probe 
wavelength  was  chosen  to  be  1320  nm,  where  the 
absorption  spectrum  of  silicon  has  a  minimum  for  a 
wide  range  of  dopant  concentration  (Ref.  6).  The 
laser  source  is  operated  in  a  continuous  mode  so 
that  the  frequency  bandwidth  of  the  measurement  is 
given  by  the  detector  response  time,  which  at 
present  is  around  1  ps.  This  is  adequate  to  resolve 
fast  transients  in  earner  concentration  for  most 
power  devices.  In  principle,  time  resolution  can  be 
enhanced  by  sampling  with  a  pulsed  light  source. 
However,  for  reasons  of  noise  reduction,  this  would 
require  fast  synchronous  switching  of  the  power 
device,  which  is  hard  to  achieve  in  practice. 


term  The  thermal  boundary  condition  at  the 
collector  electrode  is  represented  by  a  thermal 
resistance  to  a  heat  sink  kepi  at  300  K.  The  external 
electric  circuit  is  described  by  lumped  resistors  and 
inductance  elements.  The  simulator  yields  transient 
solutions  for  the  local  earner  concentration  and  the 
temperature 


3  EXPERIMENTAL  RESULTS 

As  a  typical  representative  of  the  new  generation  of 
power  semiconductors,  a  1200  V-IGBT  is  being 
investigated  A  current  load  of  70  A/cmJ  is  applied 
during  70  ps.  Figure  2  represents  a  cross  section  of 
a  single  device  cell  with  the  probing  positions  of  the 
internal  measurements.  The  electron  current  is 
injected  lrom  a  surface  MOS  channel  structure  and 
is  driven  vertically  through  the  n' -layer  towards  the 
collector.  An  equivalent  number  of  holes  is  injected 
from  a  thin  backside  p+-Iayer  in  order  to  enhance 
the  conductivity  in  the  on-state. 


The  dynamic  thermal  expansion  of  the  device 
during  an  applied  current  pulse  is  measured  with  a 
highly  sensitive  Michelson  interferometer  (Refs. 
7-9).  The  lateral  resolution  depends  on  the  one  hand 
on  the  diameter  of  the  focus,  which  is  in  the  order  of 
1  pm,  and  on  the  other  hand  on  the  thermal  range 
of  the  generated  heat.  Surface  displacements  can  be 
measured  with  a  resolution  of  10"6  nnWHz  and  a 
typical  time  response  of  200  ns.  The  laser  beam  can 
be  positioned  either  on  the  lateral  or  on  the  lop  side 
of  the  power  device.  A  wavelength  of  632.8  nm  is 
use!  so  that  light  penetration  into  the 
semiconductor  is  negligible. 

The  local  thermal  dilatation  itself  is  related  to  a 
geometry  dependent  integral  of  local  temperatures 
and  thermal  expansion  coefficients  within  the 
device.  Together  with  thermal  gradient 
measurements  by  device-internal  probe  beam 
deflection,  it  forms  a  complementary  set  of 
experimental  techniques.  These  allow  the 
observation  of  time-dependent  thermal  effects  and 
also  the  accurate  assignment  of  absolute  local 
temperature  values,  which  so  far  were  hardly 
accessible  by  any  other  experimental  method. 

The  numerical  modelling  of  transient  current  and 
heat  transport  within  the  power  semiconductor  was 
performed  using  the  device  simulator  MEDICI, 
which  solves  the  fully  ce’  pled  system  of  Poisson, 
carrier  transport,  continuity  and  heat  flow 
equations.  Technological  parameters  like  doping 
profiles  and  carrier  life  times  are  implemented  in 
the  simulation.  The  mobility  in  the  low  doped 
region  is  described  by  the  model  of  Doikel  and 
Leturcq  (Ref.  10),  taking  into  account  effects  of 
lattice,  ionized  impurity,  and  carrier-carrier 
scattering.  The  heat  generation  in  the  device  is 
determined  by  the  Joule  and  the  recombination 
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Figure  ■'  Cross  section  through  a  cell  of  the 
investigated  1200  V-IGBT,  indicating  the  positions 
for  internal  lose  probing. 

In  Figure  3  the  absolute  carrier  concentration, 
measured  by  free-carrier  absorption  is  compared  to 
computer  simulation. 


Figure  3:  Comparison  of  absolute  carrier  concen¬ 
tration,  measured  by  absorption,  lo  computer 
simulation. 
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lame  aaneen  to  ncnui  mol  ttaermal  breakdown 
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party  ansi  nr  tee  terms!  eaepisp  of  <meprlmr  GTD 
•yrtoem  atscmnSMsf  ayre  toaiArsp  end  Itrsce 
Amptew  rtf  ter  fntr  r  rtemte  rwterfltirtos  (?)  As 
sepmraeid  mtkea^ts  tt*es  i^u^fkrtpad  a^lmeysp  ^kr 


pararana*  i*  giemcsi  a  the  ouie/mciu  nngs  of  the 
device 


imaging  of  prewrc  amitttil  GTO*  turn  the  cathode 
tide  through  a  specially  deugned  uiM.ua  window  (6) 
Figu.*  t  show*  a  thermal  image  of  a  4  51V  JOOOA 
GTO  (device  CLfEOl),  75out  ta  diameter  teaching 
1 250A  umo  a  voluge  damped,  inductive  lead  at  a  clamp 
vottage  of  40UV  The  device  a  an  proccaaed  iritkg  a 
standard  75ma>  device  ttehnolo©  A  clear  hot-rpu  » 
suable  at  the  tup  of  the  image.  Ashcating  i  ia  i 
current  conccniraticja  ia  the  owermou  nags  ot  segment* 
at  aa  aeunuttt  of  (X  relative  to  the  mao*  alignment 
mar  Vi  (aaianath  a  measured  gui-clucfcwi*e  frot*  a 
datum  at  A*  sesp  of  the  image) 


AiAough  pea  and  paper  technique*  can  )ieid  rapid 
uAutitmt  it)  man;  problem*  ta  device  dewgn.  the)  are 
uuaat!)  Unwed  ta  accuracy  and  typically  cannot  predict 
the  c  fleet  on  ail  aspect*  of  device  operation 
umutaatBwl)  tarelu)  apptvcauon  ot  plsyuca). 
aumerrcai  model*  can  however,  yveld  wch  information. 
panjcuLari)  a  hen  applied  »«h  realistic,  circuit  baaed 
boundary  ,  oadita.au 


Change*  .n  the  current  duttriburuin  within  the  hath 
silicon  tit  a  CTO  tftyfiotr*  during  turn  a It  »>fl  after  aw 
electromagnetic  ft* Id  uutude  the  device  Smafl  search 
coil*  and  an  integrating  amplifier  may  hr  ctephovevi  an 
determine  the  radial  and  tangential  cumpcaseae*  id 
magnet*,  field  an  a  functus*  of  urn*  and  atsmuAai 
poaitiuA  around  the  device  £?I  The  i  Agsrarvl 
.umpeawnt  of  field  c*  ioo»gt*  related  its  get  drvtee 
anode  current  whiM  the  r achat  cumpesnent  ot  field  ndl 
he  relatively  s.iialt  provided  Ac  current  dCstrtbwtMa  m 
nearly  uniform  Any  change*  at  cuher  cumpoiaent  of 
magnetic  field  occurring  before  the  owner  of  As  cverent 
fail  are  mdtc  arive  ot  current  MKhatrAution  '  t t 

Figure  2  show*  i  plot  of  the  tangential  magnetic  (eU  tn 
a  function  of  turns  sod  angular  pumaent  foe  device 
‘  I  IT  1 1  5  clear  peak.  uMlscetsng  a  site  ot  strong  current 
crowding,  us  seen  as  Jew  top  at  tn  aaunstfh  of  O'  during 
the  latter  ilagev  of  Ae  turn,  off  storage  period 


fhe  Je*it#  parameter*  for  set  imHento  eigineet  mat  he 
sonvgnwMly  found  hy  unsag  a  tomgwnr  icaerifled 
probing  tyvtgm  htohed  psgrwnnaef*  typically  us*  had*  Ae 
gate  cathode  ra verve  breakdown  voltage  V ^  ana*** 
voltage  V  gate  triggering  current.  I#  tnvele  cemme  m 
latching,  I,  and  Ae  mtmmttm  gianr  vtaese  ssnad!  peer 
current.  1^.  Pfean  ut  each  af  there  per e— is  ngesnnr 
angle  tnd  segment  rmg  aumher  cen  he  eved  *.  make 
inference*  admit  Ae  emksrmrty  >f  ptnc  gening. 

Figure*  )  tnd  1  show  teegnchvgfy  pin •*  of  v  and 
h»  dhvice  rUttfl  inter  Ant  An  *  regp  «f 

vggmgmn  cowtrhnrg  a  nsggl  mgkr  «d  2', IT  k  Rn*  pkegy 
A«w  «  pgreehc  pnttem  eng h  dnarfy  akteesfinklr  pnlt  « 
•n  gnmtdk.  mematred  iggntimfi  Cm  each  mg  of  err Kd 
iy  Nvug  tfms  Aw  An  ntmenahmmty  of  Ag  rtvkgvf 


•  Att  dm  v unseal  ot  (bus  paper  numerical  muddling 

•  an  utved  to  study  Ae  e/tec*  ot  noatuttlunnit)  tn 
selected  p>ucru  variable*  un  Ae  date  end  dynamic 
. he n. tends. v  of  GTO  Aytiskut*  By  modelling  a  crises 
of  mdisadiMf  GTO  srgmral*  each  wsA  slightly  different 
pkiucat  .haetaistcs  dmduction*  can  be  nude  nbuut 
Ac  snfWme  of  s  nevus  aAuavcgetsrstiev  on  say  probed 
pgaantn  end  thr  derate  oi  turned!  cutlers  i 
Ksdmtlkattaan 

igen  5  Am*  Ae  irudtk  cal  •  M1DK1  uenuent 
lasiltil  wtelseMg  4  GlO  segment*  cotsnrcted  in 
pailUri  •  eft  .ceseca  enude  end  gesr  t  irms  Ijct 
segmrwi  w  »  dcfWreer  gate  mmeetch  depth  and  u 
ft  peeve  am*)  m  A*  mmiitrt  I  m  b*  t  '  t)  dr>  cf  physuev 
mailt  The  ptf.ee amid  umnlefiur.  cover*  a  full  Uim  cvn 
tnd  he  s  «sft  ernmata*  A  vfcvti  Ae  total  wvnde  runrni  is 
iwpAC  eg  A  •  wotugn  clamped  mdse -five  kind  prim  k< 
•••aft  iTm  dhmvvrs  ir*  mdk  a  fceti  thr  on 
Atm  ml  «n  off  Mnssan  U  partK  uiw  Ac  segment 
n*A  An  drepnst  acwAls  dtpgk  dwm  *  natn) 
ACMNW  A  <ei  share  of  Ae  told  mvede  ctmvw  dornip  Ae 
te»  dl  pmnig**  is  ikscU  Anfot  he  tipnrtd  Ant 
An  cur  vent  a  •  prtcevial  GtO  nib  rnActsvbutf  to  utn 
nek  g  dregs  imai  let  prtmvdnd  An  no  csAn  pnems 
vgr*akun  5  ah*  van 

*  OtSCtSSIOhl 

TV*  rrwks  Am*  m  fgv  I  I.  J  nnd  4  rrlrv  to  •  ccnflr 
Areetg.  uken  from  g  batch  preciewnd  tretng  •  eland  an) 
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»>•  fkegrimd  laaeart  Ae  mar  of  rarwai  crrmdmg  end 
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A  defiant  correlauon  betweco  the  dtsmbuaoot  of  *ese 
panne ten  supports  the  hypothesis  of  non- uniformity  is 
the  vie  may  of  dto  gate-cathode  junction. 

fa  aa  inapt  so  isolate  the  perform  it  critical  step  of 
the  — ufacamaf  process,  results  from  the  omental 
modelling  esperuneats  were  taanaaad  Proa  fig  5.  a  a 
cleat  that  areas  wad  a  deep  am  each  should  he 
capeeted  to  display  dm  pmm  degree  of  nee-off 
cteicat  rcdasaihuUoa  Oa  its  owe  this  result  a  of  hole 
consequence  state  variations  ta  abacs at  aay  protest 
» or  table  wilt  lead  to  none  degree  of  tedumhouee  To 
resolve  iht  problem.  further  utaulauces  acre  performed 
to  dnerauae  tha  influence  of  the  mesa-etch  depth  oa  the 
raage  of  prohed  pnaaen  The  results  showed  that 
toe rcaaas  ta  the  am  depth  led  to  wtrcaacs  ta  both 
aad  1^.  Fur  that  more,  modrfled  sanauoas  ta  other 
preen*  parametetv  uch  aa  bulk  him,  anode 
tborttag  density  and  doping  level,  thd  sot  yield 
simultaneous  increases  ta  both  sod  I  ^ 

Collectively  these  studies  lashcate  that  areas  ntdt  a 
dasp  mews  etch  will  display  high  voter*  of  aad  1^, 
aad  that  they  are  abu  liable  to  bccosne  sites  of  turnoff 
current  crowding  Since  the  espeweneal  results 
presenwd  in  Figs.  I.  2.  1  and  4  display  Me  same  arends 
and  amelmiuas  across  As  set  of  measured  ipt  isrmev.  a 
ta  reasonable  so  conclude  dual  the  esewsetetoag  prams 
is  tumnag  the  runs  off  perfeemante  cf  the  CTOs 

On  the  strength  of  dm  above  evidence,  aa  improved 
etching  technique  waa  devised  aad  a  uagie  un  hatt  of 
devices  produced  Prubusg  res  aha  aba*  hoaa  derates  at 
d)M  Baath  show  grantee  a aefcemy  of  M  end  1^. 

when  compared  to  devices  pmc  creed  aaaag  toe  ueadod 
ak antilogy  Pig,  4  ihowi  tha  dbunbutn.m  of  1^.  fee  e 
typical  device  tCUFDJ).  Whan  cceapared  ends  dto 
dutrtbuttnn  ter  uanttosd  device  CVEDI  (Pig  Use 
clear  that  tha  prafcs  in  iha  dheethstema  aw  leva  ibarp  aad 
of  smaller  amphtude.  nehianeg  e  east*  endec—  sees*- 
etch. 


U  is  of  t merest  lo  note  that  neither  the  peaks  of  the 
magnetic  field  profile  (Fig.  7)  nor  the  hot  spots  of  the 
thermal  image  (Fig.  8)  correlate  strongly  with  the 
prohed  parameters.  V^,  and  1^  (Fig  6).  This  indicates 
that  die  mesa-etching  process  is  no  longer  the  only 
process  stop  limiting  device  performance.  Also  worthy 
of  note  is  a  change  in  the  nature  of  the  thermal  and 
magnetic  field  dssthbuuons.  The  single,  large  peak, 
typical  of  the  standard  technology  devices,  has  been 
replaced  by  several  peaks  of  reduced  amplitude.  Such 
behaviour  has  previously  been  identified  with  devices 
displaying  a  particularly  robust  turn-off  safe  operating 
area  110)  la  practical  applications,  this  equates  to 
reduced  turn-off  snubber  requirements  yielding 
signifies!  •  gains  in  overall  system  efficiency 

4.  CONCLUSIONS 

a  Non  - in  vast  le  techniques  based  on  infra-red  thermal 

imaging  and  magnetic  field  measurement  have  been 
successfully  applied  to  the  location  of  turn  off 
current  crowding  sues  in  4  5kV.  3000A  CTOs 

•  Segment  probing  and  numerical  modelling  have 
been  employed  to  determine  the  cum  and  effect  of 
nonundonmry  in  wrkoed  process  stops 
Comriatjoe  between  the  results  and  the  location  of 
current  crowding  sun  hat  enabled  the  identification 
of  a  critical  process  stop  whilst  requiting  the 
pradocnoa  of  just  one  tm  beads 

a  Sosoib  obtained  from  devices  manufactured  using 
aa  act proved  process  rUubst  aa  enhanced  turn-off 
sate  operating  area  and  induced  turn-off  snubber 
fKywnwMti 
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Figure  1:  Thermal  image  of  75mm  thyristor  CUED1 


Figure  2:  Tangential  field  as  a  function  of  time  and 
astuueh  for  device  CUEDI. 
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Figure  3:  Gate-cathode  reverse  breakdown  voltage  for 
device  CUEDl 


Figure  5  Simulation  results  showing  individual 
segment  currents  for  a  device  with  non  -uniform  mesa 
etch  depth. 


Figure  4:  Quasi-static  turn-off  gate  current  for  device 
589-20 


Figure  6  Quasi-static  turn-off  gate  current  for  device 
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ABSTRACT 

Field  sppticatxm  to  SMART  POWER  1C*  strongly 
characterises  and  distinguishes  the  reliability 
requirements  for  these  devices  la  this  c  cores  i  a  deep 
invesugaooo  on  specific  faihsrr  mechanisms  is 
mandatory  This  paper  reviews  die  main  failures 
mechanisms  typical  of  SMART  POWER  IC's  on  the 
(round  of  reliability  qualification  and  production 
monitoring  results  collected  in  our  lab  dunug  several 
years  of  invest!  jaoca 


INTRODUCTION 

The  range  of  spplication  of  SMART  POWER  IC's 
is  becoming  brooder  and  broader  every  day.  This  is 
made  possible  by  new  advanced  mixed  technologies 
(Ref  1)  with  high  integration  level  which  allow  to 
realm  power,  small  signal  analogic  and  high  speed 
structures  ai  the  same  time,  and  so  mate  possible  to 
integrate  fonction  more  and  more  complex  on  a  (ingle 
chip  The  severe  environment  and  the  high 
performances  requested  by  the  application  '"♦Ir 
necessary  a  deep  analysis  of  dte  intrinsic  failure 
mechanisms  specific  of  these  devices 

The  typical  future  mechanisms  put  in  evidence 
Airing  the  extensive  experimentation  °"-»»-i-g  high 
mesa  field  contbtioas  are: 

-  Moral  degradation  phenomena 

-  Bond  wire  degradation  pheanmraa 

-  Thenncrorcharara)  stress  effect* 

-  &Brfece  effects 

All  there  ptoaMM  wm  iavettigMi  in  tygfr  «tT«T! 

crmditioa)  and  long  term  tests  to  verify  the  reliability 
margin  in  the  field  (Ref.2). 


METAL  DEGRADATION  PHENOMENA 

Degradation  phenomena  affecting  aluminum  alloy 
imercoonectioas  are  very  important  for  the  reliability  of 
SMART  POWER  IC's  due  to  the  high  power  level 
present  in  this  type  of  device*. 

These  phenomena  ait  investigated  through  dedicated 
dynamic  os  static  life  test  carried  under  high 
cuneas/ temperature  conditions.  These  tests  are  generally 
earned -out  during  qualification  exercise  to  validate  new 
products  and  are  able  to  simulate  the  field  application, 
covering  as  least  the  guaranteed  useful  lie.  Sometimes 
the  tests  are  exasperated  to  investigate  the  reliability 
margin  verms  these  wearoot  mechanisms 

Pwe  eketromigratioo  phenomena  can  he  avoided  by 
using  adequate  design  rules  and  generally  are  not 
observed  Oa  the  other  hand  complex  combined  stresses 
can  ariae  by  internal  power  dissipation  in  (he  SMART 
POWER  IC's  under  dynamic  operating  conditions, 
which  can  cause 

-  high  temperature  gradient  present  oo  die  surface  due 
to  high  localised  power  dissipation  (Ref.  3); 

•  irmartahle  temperature  excursion  during  on/off 
cycling. 

These  local  stresses  conditions  can  activate 
thermomigratioo  and  itressmigratioo  phenomena  (Ref  4) 
•inch  combined  with  eketromigratioo  can  give  rue  to 
well  evident  aluminum  damages  also  in  situation  that, 
coasidering  only  the  mean  temperature  and  the  current 
density,  are  under  the  electromigration  threshold. 

In  particular  conthtioos  as  above  described  are 
locally  encountered  in  or  near  the  power  components 
(BJT  or  DMOS)  present  is  the  IC. 

Fig.  1  shows  an  ex  ample  of  this  type  of  degradation 
on  an  output  bipolar  monitor  of  an  IC's  submitted  to 
high  accelerated  dynamic  life  lest  The  current  density 
(2  +  3slO'A/cmr)  alone  is  not  sufficient  so  explain  die 
observed  degradation  which  can  be  justified  only  taking 
into  account  the  high  temperature  gradient  present  in  the 
legion. 
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FIG.  1:  Degradation  of  the  emitter  metal  in  a  power 
BIT  after  OLT 


On  the  basis  of  ihc»  consideration  current  density 
nos  always  is  the  moss  meaningful  stress  parameter  for 
metal  degradation  in  the  power  structures  By  the 
analysis  extensively  done  on  parts  submitted  to  high 
accelerated  life  test,  a  stress  parameter  more  correlated 
to  the  observed  A1  degradation  was  singled  out  to  be  the 
power  density  internally  dissipatnd  by  the  power 
structures.  For  power  denary  over  10  W/mm> 
rental  table  metal  degradations  appear  (fig.  2). 


FIG.  2  Heta! degradation  after  OLT  (Pd *12.  SW/mm1) 


BONDING  WIRE  DEGRADATION 

One  of  (he  most  important  failure  mode  in  POWER 
IC's  is  wire  bonding  degradation  due  to  the  following 
three  main  causes: 

-  thennomechantcal  stress 

-  high  temperature 

•  high  current  density 

Tbermomechantcal  stress  is  strictly  related  to  the 
IC’s  ipptkaboa  and  to  die  environmental  variation.  To 
tmailate  and  to  evaluate  the  effects  due  to  these  kinds  of 


stress,  normally  temperature  cycling  test  is  perforated 
Lastly  scene  new  tests,  called  power  and  temperature 
cycling,  are  implemented.  Figs  3.4  shown  typical 
degradations  of  electrical  resistance  and  mechanical 
strength  of  gold  wire  bonding  due  to  thermal  cycling 


FIG.  3:  Ball  bonding  electrical  resistance  increase  in 
thermal  cycling  test. 


s- 


F1G.  4;  Ball  bonding  shear  strength  degradation  in 
thermal  cycling  test. 

High  temperature  effect  is  evaluated  through  a 
storage  test. 

In  figs.  5,6  typical  ball  bonding  degradations  of  gold 
wire  on  aluminum  due  to  the  temperature  is  reported. 


FIG.  5:  Ball  bonding  electrical  resistance  increase  in 
storage  test. 
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Uxenneulhc  compound  (fig.  7)  evolve  during 
nocage  test  giving  rue  10  Kukendall  voids  (fig.  8). 


FIG.  6:  Ball  bonding  shear  strength  degradation  in 


FIG.  7:  Gold-Aluminum  intermexaiUc  compound 
(AueUJ. 


FIG.  8:  buermetaltic  evolution  otter  storage  tea 
(Kirtundal  voids). 


High  current  denary  and  thenaomechameal 
interaction  between  ream  and  wire  it  able  to  modify  the 
crystalline  uraemic  of  (be  wire  itadf  (fig.  9)  gutting  an 


increase  of  electrical  resistance  as  shown  in  fig.  10. 

In  high  current  density  the  critical  structure  is  the 
wire  itself  and  not  the  bonding  regions  This  is  due  to 
the  high  current  density  localized  in  the  wire  section, 
while  in  the  two  bonding  regions,  if  the  wire  bonding  is 
correctly  done,  the  current  density  is  lower. 


FIG.  9:  Wire  crystalline  structure  modification  ctter 
conduction  tea. 


FIG.  10:  Ball  bonding  electrical  resistance  increase  in 
conduction  tea  at  l  •>14.  T-15&C  (Hire  length  Icm, 
wire  diameter  25. 4um). 


THERMOMECHANICAL  EFFECTS 

Field  environment  for  SMART  POWER  IC’s  can  be 
very  severe  especially  in  automotive  application  where 
remarkable  temperature  variation  take  place.  This 
circumstance  and  the  consideration  that  the  main 
package  involved  for  the  SMART  POWER  IC's  are 
asymmetric  make  the  investigation  of  thennomechanical 
effects  very  important  for  the  reliability  of  these 
devices. 

The  ruggedness  of  the  IC's  as  concerns  this  type  of 
stresses  is  assessed  through  temperature  cycling  and 
thermal  shocks  tests. 

Typical  degradation  induced  by  these  stresses  on  the 
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die  are  passivation  cracks  and  metal  displacement  which 
can  be  very  heavy  (see  fig  1 1)  for  dice  of  large  size 
with  uneven  surface  and  thick  metal.  Suitable  package 
structures,  resin  compounds,  passivation  layer  are 
mandatory  to  contain  these  effects 


FIG  II:  Uaai  displacement  after  2000  T.S.  far  a 
devices  in  nmUmaa  package 


FIG  12:  Same  device  of  fig.  II  after  passivation 
thickness  increase  and  package  frame  improvement. 


SURFACE  EFFECTS 

We  ate  speaking  of  those  ’reversible*  degradation 
mainly  induced  by  contamination:  ionic  at  wafer  level  or 
in  terms  of  resin  compounds. 

The  usual  way  to  recover  the  degradation  induced 
by  surface  effects  is  to  bake  at  high  temperature  failed 
parts;  typically  after  2,  3  hours  at  Ta-IMPC,  the 
’virgin*  stains  can  be  recovered. 

The  failure  mechanisms  inducing  surface  effect  are 
activated  by  temperature  that  increases  the  mobility  and 
by  electric  field  on  the  direction  of  which  die  motion  is 
forced. 

These  two  factors,  high  temperature  and  high 


electric  field,  are  both  critical  for  SMART  POWER 
IC's  applications  High  temperature  condition  can  be 
reached  by  power  dissipation  and/or  by  the  ambient 
temperature  itself  such  as  in  the  automotive  field  where 
Ta  can  be  in  the  range  of  SCPC  High  voltage,  and  hence 
high  electric  field,  can  be  up  to  hundreds  of  Volt  such 
as  in  the  case  of  off-line  environment. 

These  characteristics  of  SMART  POWER  IC's  lead 
to  the  necessity  ot  an  in  depth  investigation  on  surface 
effects  during  the  reliability  qualification  of  process  and 
products. 

The  reliability  stress  test  to  guarantee  that  SMART 
POWER  IC's  are  tree  of  surface  effects  are  in  fact 
performed  in  two  steps:  at  process  level  on  structures 
(DMOS,  BIT  and  so  on)  kit  parts,  at  product  level 
directly  on  IC's 

In  both  cases  HTRB  (High  Temperature  Reverse 
Biasing)  stress  test  are  performed  at  Tj  -  ISffC  and.  as 
regard  voltage  stress,  at  the  absolute  maximum  rating 
allowed  by  die  structure  or  by  the  product  respectively. 
These  stress  conditions  are  usually  applied  for  1000 
hours  or  more  for  particular  customer  request. 
Degradation,  in  tetm  of  electrical  parameter  drift,  due 
to  surface  effects  can  anyway  be  detected  in  the  first 
300  bouts  of  HTRB  stress  tests. 

On  kit  parts  structures  performing  HTRB  their 
design  mainly  in  term  of  process  architecture  is 
checked.  The  degradation  is  detected  by  monitoring 
electrical  parameters,  the  more  sensitive  are  for  sure 
junction  leakage  and  junction  breakdown  anyway  as 
function  of  the  structure  other  parameter  can  be 
considered  such  as  Ron  for  DMOS  or  more  generally 
the  threshold  voltage  for  MOS  structure  (Refs. 5,6). 

These  degradations  can  saturate  or  not  as  function  of 
the  amount  of  contamination  and  also  as  function  of  the 
structure  sensitivity.  Because  the  extent  of  degradation 
can  not  be  a  priori  guaranteed,  when  problem  due  to 
surface  effects  are  detected  they  must  be  removed 
modifying  (be  structure  layout  and/or  adopting  filed 
plate  protection. 

These  kind  of  improvements,  thanks  to  the 
experience  gained  in  twenty  years  of  reliability 
activities,  are  formalized  in  consolidated  Design  Rules 
that  allow  to  design  robust  process.  Anyway  the 
challenge  of  higher  and  higher  performances  in  term  of 
voltage,  such  in  the  case  of  our  BCD  process,  requires 
a  constant  level  of  wacaaoo  to  these  aspects  in  a 
continuous  improvements  approach. 

During  products  qualification  the  HTRB  stress  test 
allow  to  verify  the  surface  effects  as  regard:  die  package 
interaction,  and  also  for  the  interaction  among  different 
structures  as  function  of  layout.  In  particular  this  second 
aspect  is  becoming  more  and  more  important  for  offline 
SMART  POWER  IC's  application  where  on  die  same 
die  are  integrated  strucuues  able  to  sustain  hundreds  of 
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Voli  and  standard  CMOS  cells.  The  HTRB  oe  products 
is  mandatory  to  check  these  kind  of  phenomena  because 
in  no  other  way  they  could  be  simulated  working  for 
e cample  at  structure  kit  pan  level. 

Such  as  for  single  structure  also  during  products 
qualification  no  future  due  to  surface  effects  can  be 
accepted.  On  products  is  not  a  priori  evident  whiefi 
could  be  the  more  sensitive  electrical  parameter  but  for 
this  reason  a  lot  of  attention  is  paid  in  the  analysis  of 
parameters  drift  collected  during  HTRB  stress  test.  To 
this  aim  dedicated  data  base  tools  have  been  developed 
in  our  lab  (Ref. 7). 

When  surface  effects  is  detected  during  products 
qualification,  to  allow  corrective  actions  a  failure 
analysis  activity  became  absolutely  fundamental,  it  plays 
the  difficult  job  to  localize  the  parasitic  structure 
activated  by  contamination.  In  fig  13  the  first  s:ep  of 
this  activity,  a  pin  to  pin  comparison  between  good  and 
failed  parts  (parts  number  62.  23),  is  reported.  In  fig 
14  the  recover  after  one  hour  of  baking  at  Ta-  I50C  is 
shown. 


FIG  13  Pin  so  pin  comparison  of  fed  led  (parts  n.  23. 
62)  after  HTRB  and  good  ( unstressed )  one. 


FIG.  14:  Recovery  phenomena  after  one  hour  of  baking 
at  Ta-  HOC. 


All  the  above  consideration  are  related  to  the 
methodology  adopted  during  qualification  where  the 
subject  is  to  check  (be  immunity  of  process/product  to 
the  'intrinsic*  level  of  contamination. 

A  complete  different  approach  has  to  be  adopted 
when  the  aim  is  to  guarantee/control  the  contamination 
level  of  production  process  both  as  concern  wafer  and 
assembly  processes.  In  this  case  is  not  matter  of 
qualification  but  more  properly  of  monitoring,  this  is 
performed  by  means  of  an  RTC  (Real  Time  Control) 
activities  on  packaged  pans,  by  means  of  SPC 
(Statistical  Process  Control)  data  analysis  and  also  using 
WLR  (Wafer  Level  Reliability)  techniques 
recently  developed. 


CONCLUSION 

At  present,  on  the  basis  of  all  the  experimental 
reliability  results  coming  from:  qualification, 
manufacturing  area  and  field  test  data,  the  market 
requirements  in  terms  of  reliability  performances  for 
today  SMART  POWER  IC's  are  completely  guaranteed. 

However,  the  fast  rate  of  the  market  evolution, 
characterized  by  the  demand  of  more  and  more  power 
density  and  circuit  complexity,  leads  to  investigate 
structures,  materials  and  new  technological  solutions  at 
the  extreme  limits  of  their  reliability  performances, 
discovering  in  this  way.  sometimes,  new  failure 

rnwhaniqiw 

The  constraint  to  anticipate  as  much  as  possible  the 
market  scenario  needs  a  continuous  improvement 
process  and  a  concurrent  engineering  approach. 
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ABSTRACT 

la  the  development  of  high  power  wmiooartucsct 
device*  it  eaiaatei  an  Important  rale  he 
determination  of  reliability  data 
A  tytteaa  baaed  on  a  coUectioa  of  Calhne  analyilt 
data  from  trartkia  vehicle  application*  (Italian 
railway*  nbaayi  etc)  hat  been  developed. 

It  aOciwt  a  Held  feedback  to  the  device  dexiga  and 
prototype  laboratory  reliability  teat*. 

I.  INTRODUCTION 

In  the  development,  manufacturing  and  application 
of  high  power  temicaiduaor  devices  It  assumes  an 
haponaau  role  the  dt'irianlnailon  of  rcfiabiBiy  data. 
Theae  data  may  be  med  a*  fcedbncb  for  the 
manufacturer  to  Improve  device  chntacterlttica  or 
to  review  critical  deeigh  end  fabrication  ttept  (FX3. 
1).  Moreover  they  may  be  med  by  the  customer 
lo  predict  apripmtnt  reliability  md  to  evaluate 
V*re  parts  aeceaaky. 

io  wr  i  sign  Kvci  pnocQve  evUNMi  o* 

ipfMQMMv  mbqvmovj  Rtaouxy  no,  ntiflre 
Mode  Effect  Aaatyris  (FMEAX  Mare  data  from 
Reid  applications . 


Reliability  data  far  high  power  lesticooductor 
devices  are  not  at  well  established  as  far  the 
rignal  and  discrete  devices  whose  reference  data  are 
widely  reported  in  MIL-HDBK(t). 

Prrpoae  of  this  work  it  to  present  a  method  to 
•stare  the  determination  of  "reliable'  reliability  data 
of  power  diodes,  thyristors,  transistors  .CTOs 
timing  from  field  data. 

2.  LABORATORY  RELIABILITY  TESTS 
Laboratory  reliability  tests  for  high  power 
scaricoadactor  devices  (FIG.  2)  can  involve  only  a 
anal)  nomber  of  devices  owing  to  the  Ugh  level  of 
power  required  and  the  cost  of  either  the 
equipment  or  the  devices  under  tests  .  Usual  data 
involve  Total  Time  of  Test  (111)  of  the  order  of 
tea  thosnaads  hours  (2). 

IMhg  imehMd  Uke  “thne  compressed  test  cyde" 
(3)  probhbiy  will  allow  a  reduction  of  the  lest  time 
iteceaaary  to  obtain  valuable  reliability  data.  At  the 
moment  however  the  application  of  tbit  technique  to 
preat'pack  mmicondactor  is  under  development 
within  an  BC  BRTTE  project. 
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3.  RH.unn.mr  data  collection  from 

VEHICLE  OPERATION 
The  field  data  reported  in  thu  wot  are  referred  to 
tract**  >e  lee  vkoc  fee  severity  of 

e»  i  conditions  (range  of  Hfeiwat. 

vi!  uumidity.  high  magnetic  field  )  it 

eiii:  !,  tad  wine  we  have  fee  availability  of 

TTJ  oi  hundred!  milicas  bom.  The  complete 
flow  of  mformatioa  feeding  fee  device*  reliability 
data  bate  (4)  u  shown  ia  FIG  3  . 

For  all  fee  fatal*  occurrag  during  equipment  test*, 
vehicle  tests  tad  vehicle  field  operations.  fee 
faulted  assenibhes  tie  teat  to  oae  repair  ccatre 
where  fee  (atares  are  diagnosed  and  fee  faahed 
components  arc  replaced',  fecicia  fee  devices  failure 
data  are  collenwl  To  atMre  fee  correct 
determination  of  reliability  data  starting  froai  rough 
data,  a  aeauacat  aafl  be  perforated  hi  order  to 
screen  from  fee  total  amount  of  failure  fee  device 
dependent  ones.  This  treatment  requires  two  strictly 
connected  levels  of  failure  analysis;  aa  equipment 
level  aad  a  device  level. 

Typical  problems  tnnounrrrd  la  Ugh  power  modaie 
nun  aonystf  are:  MinpM  acncc$  nuar,  mart 
induced  by  ooncrol  Am  id  ivdoai 

MtfMDioBi,  dtoteoe,  abeonml  operational 
coedidoAs:  bdbn  eaaaea  iba  cat  aoi  ba  dtasrsdaed 
a  poaaertort. 

descriptive  asefeodt  mad  graphical  loots  are  med 
far  fee  watistiral  data  mefytls  aa  fatare  raws  and 
down  feme.  When  cperattoaal  dan  of  fee  riaglr 
device  are  coaceraed  both  dassic  aad  bayeaaa  (5) 
hpttucaci  are  ewpfayed  for  statistical  taft  trace 
The  ewtaartuas  of  fatare  rase  X  (meaa  ratae  and 
90%  coafldeace  interval,  nulnaird  hi  FIT  -  10*  h4) 
far  dlffcreat  Ugh  power  semiconductors.  cibtaaed 


flam  traction  application,  ate  summarized  in 
FIGA 

4.  HIGH  POWER  SEMICONDUCTOR 
FAILURE  ANALYSIS 

la  order  to  investigate  the  failure  mechanism  tools 
as  FMEA  we  usually  applied.  F1G.4  wad  F1G  5 
report  a  manufacturing  aad  a  field  FMEA  far  press 
pack  thynstorx 

Methods  as  FMEA  are  mainly  based  on  designer 
and  manufacturer  experience  and  should  be 
coouattomJy  ypdiml 

Standard  physical  techniques  ire  used  to  examine 
semiconductor  fatare*  (6)  in  order  to  obtain  a 
coned  interpretation  of  fee  failure  cause 
Post  modems  failure  analysis  equipment  laboratory 
tacfttfdct: 

•  Fguipmimt  for  static  and  dynamics  electrical 
tests  (up  so  10000  V  and  10000  A); 

•  SAM  (acacnusg  acoustic  microscope)  for  braze 
voids  analysis; 

•  1000  x  optical  microscope; 

•  Spreading  resistance  for  diflurion  profile 
evaluation; 

•  MrflliTAfrmi  Qtickscit  test  equipment; 

•  Helium  mass  spectrometer  for  bennetidly  test ; 

•  Flatness,  roughness,  parallelism  test  equipment 
for  surface  evaluation. 

^CONCLUSION 

The  availability  of  hundreds  millions  hours  of  total 
leal  on  high  power  tem  (conductors  employed  on 
traction  vehicles  elaborated  with  statistical  method 
Joined  wife  the  physical  expertise  of  fee  devices 
manufacturer  aflowt  the  evaluation  of  reliability 
data  wish  a  good  level  of  confidence. 
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A  cowaw  appbcarioa  of  kese  medotk  am  buyer 
irate  should  be  the  n*hi  way  for  reaciuag  a 
rebabiiay  aodel  of  bifb  power  seaucoadhcton  as 
accurate  at  (be  MJL-HDBK-2I7  for  eketroak 
devicea. 
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ABSTRACT 

In  (his  paper  studies  of  noise  properties  of 
power  devices,  namely,  high  voltage  high  power 
rectifier  diodes  are  reported.  It  has  been  found  that 
all  samples  exhibited  Dearly  ideal  behavior  in  the  PN 
junction  forward  direction,  (heir  noise  magnitude 
being  very  dose  to  the  theoretical  value.  Attention 
was  therefore  focused  on  the  reverse  direction  where 
some  samples  exhibited  deviations  from  the  ideal 
behavior.  Most  of  the  samples  exhibited  extremely 
low  level  of  the  I//  noise  which  gives  evidence  of 
very  high  quality  of  their  technology  On  a  very 
small  fraction  of  the  sample  number  excess  noise  of 
the  \/f  type  was  measurable.  Another  group  of 
samples  exhibited  so  called  'soft  breakdown'.  On 
these  samples  a  more  pronounced  1//  noise,  g-' 
noise,  burst  and  microplasma  noise  was  observed. 


1.  INTRODUCTION 

Noise  signal  in  devices  that  are  produced  in  a 
well  established  and  stable  technology  must  be 
stationary,  crgodic  and  its  amplitude  distribution 
must  be  Gaussian.  It  has  been  established  that 
stationary  electrical  noise  can  be  represented  by 
Markovian  processes.  For  Markovian  processes  it 
holds  that  the  random  deviation  from  the  mean 
value  of  any  quantity  is  directly  proportional  to  its 
mean  value. 

Fig  1.  shows  a  plot  of  the  noise  current  /N 
versus  the  DC  reverse  current  t  measured  at 
/  «  380  Hz.  The  plot  can  be  approximated  by  a 
straight  tine,  fN  »  KJ,  where  K  is  constant.  We 

propose  that  K  •  K1  /  where  A/  is  the 


plot 

equivalent  noise  band  width,  can  be  used  as  a 
quality  indicator.  The  slopes  K  for  various  samples 
are  given  in  Table  1. 


Table  1  The  slopes  K. 


sample 

A1 

A2 

A3 

8,0.10* 

5,5. 10-6 

9£10* 

sample 

B2 

B7 

B15 

K 

(Hr1'2) 

5J6.10* 

1.0.10'5 

2,8.10  s 
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2.  FREQUENCY  DEPENDENCE 
OF  THE  NOISE  SPECTRAL  DENSITY 

Frequency  dependence  of  Ike  noise  spectral 
density  Su(f)  is,  in  general,  a  superposition  of  the 
1//  noise,  g-'  noise,  burst  noise,  shot  noise  and 
thermal  noise.  The  cutoff  frequency  between  the  l/f 
and  thermal  noise  can  be  used  as  a  measure  of  the 
quality  of  technology.  To  distinguish  between  the  g-r 
and  the  1//  noise  it  is  suitable  to  use  the  Svf versus 
frequency  plot.  In  this  case,  the  1//  noise  component 
is  manifested  by  a  constant  value  of  Svf  and  is 
easily  distinguished  from  other  kinds  of  noise.  The 
g-r  component  makes  the  Sy/  curve  reach  a  local 
maeimum,  from  which  the  characteristic  frequency 
/  and  the  noise  time  constant  can  be  easily 
determined.  This  is  demonstrated  in  Fig.  2,  where  it 
is  seen  that  the  characteristic  frequency  /p  »  19  Hz 
and  the  noise  lime  constant  ■ 

»  8.4  ms. 


2  Plot  of  the  product  Sv[  vs.  frequency. 


The  other  noise  feneration  mechanisms  are 
shown  in  Fig  3.  At  DC  voltages  below  600  V  only 
thermal  noise  is  observed.  At  600  volts  the  curve 
indicates  the  presence  of  a  low-frequency  l/f  noise. 
When  increasing  the  DC  voltage  over  600  V  the  Suf 
carve  reaches  a  maximum  corresponding  to  a 
two- state  g*  noise  with  a  time  constant  of  about 
0.1  s. 

Onset  of  a  mechanism  generating  another  g-r 
noise  is  apparent  at  voltages  higher  than  800  volts. 


f/Hz 

FfcJ  Plots  of  the  product  Svf  vs.  frequency  for 
different  values  of  the  reverse  DC  voltage. 


The  pertinent  time  constant  is  of  the  order  of 
hundreds  of  microseconds.  At  still  higher  voltages 
avalanche  noise  is  observed. 


3.  NOISE  VOLTAGE  SPECTRAL  DENSITY 
VERSUS  THE  REVERSE  DC  VOLTAGE 

Noise  voltage  spectral  density  Sy  versus  the 
reverse  DC  voltage  plot  was  measured  across  the 
load  resistance.  This  corresponds  to  Fig.  4.  where  a 
plot  of  Sy  versus  the  PN  junction  reverse  voltage  U 
is  presented.  Region  a)  corresponds  to  the  thermal, 
shot  and  background  noise,  region  b)  represents  a 
two-state  g-r  noise,  and,  finally,  region  c)  may  belong 
to  an  avalanche  noise. 

The  features  of  the  diodes  important  for  the 
reliability  prediction  can  be  assessed  by  means  of 
reliability  indicators,  which  were  introduced  by 
Jenson  and  M  oh  oft  in  1986  (Ref.1-2,  4).  For  the 
reverse  direction  we  have  introduced  recently  the 
reliability  indicator  Zj,  which  is,  by  definition 
Xj  •  Un/U9  where  l/BR  is  the  breakdown  voltage 
of  a  nearly  ideal  sample,  Us  is  the  voltage  of  a  "sof“ 
breakdown.  Good  diodes  feature  r2  “  L  whereas 
diodes  with  soft  breakdown  have  x2  higher  than 
unity. 


0  250  500  750  1000  1250 


U/V 

Noise  voltage  spectral  density  SU  versus  the 
reverse  voltage  U  plot  indicating  several  noise  sources. 


4.  BURST  NOISE 

Bunt  noise  has  been  observed  in  many 
semiconductor  devices,  bipolar  as  well  as  Unipolar. 
It  is  now  established  that  the  burst  noise  generators 
are  related  to  d elects  in  the  crystal  structure  of  the 
devices.  The  nature  of  the  noise  source  consists  in 
current  modulation  which  is  due  to  charge  carrier 
trapping  (Ref.  3). 

An  usual  kind  of  the  burst  noise  was  observed  at 
the  room  temperature  in  a  fairly  wide  range  of  the 
reverse  voltages,  typically  from  600  V  to  about 
1000  V.  As  an  illustration  we  present  Fig.  5,  where 
the  DC  reverse  voltage  across  the  diode  (sample  No 
B7)  is  810  V  and  the  AC  voltage  across  the  load 
resistor  is  displayed  in  time  domain.  The  amplitude 
of  the  current  bursts  is  of  the  order  of  10’7  A,  the 
impulse  on  time  depends  on  the  reverse  DC  voltage 
and  its  range  is  very  wide. 

Extremely  wide  range  of  time  constants  can  be 
seen.  In  Fig.  5  the  times  constant  is  of  the  order  of 
a  few  tens  of  milliseconds,  whereas  in  Fig.  6  it  is  as 
long  as  several  hundreds  milliseconds.  Occurrence 
of  the  burst  noise  may  serve,  among  others,  as  a 
Reliability  Indicator. 


t/s 

Fig  6  Burst  noise  in  time  domain. 

S.  CONCLUSIONS 

1.  No  excess  noise  has  been  observed  within  the 
whole  range  of  measured  forward  currents. 

2.  The  noise  factor  K  depends  on  the  frequency 
and  on  the  sample  technology.  At  /  =  400  Hz  the 
experimental  values  are  around  K  =  10-6  Hz'1^2.  The 
factor  K  is  approximately  constant  over  the  whole 
range  of  reverse  currents,  being  specimen  specific. 

3.  The  g-r  noise  is  dominant  in  the  low-frequency 
region.  The  noise  time  constant  x  depends  on  the 
voltage  C/R  and  its  experimental  value  ranges  from 
milliseconds  to  seconds. 

4.  Degradation  processes  are  strongly  influenced 
by  a  high  electric  field  intensity  and  temperature. 
This  applies  particularly  to  the  technology  that 
determines  the  reverse  direction  parameters  and 
appears  to  be  of  uppermost  importance. 
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ABSTRACT 

The  HAST  results  on  a  power  MOSFET  are  presented.  The  samples  were  subjected  to  several  power, 
temperature  and  humdidity  stress  conditions  and  the  acceleration  factors  were  evaluated.  The  same  bilure 
mechanism,  die  attachment  failure,  was  found  in  die  all  samples  and  its  activation  energy  was  calculated. 


t 

i 


1. INTRODUCTION 

This  paper  presents  die  results  of  high  accelerated 
stress  test  (HAST)  on  different  conditions,  carried 
out  on  a  pressure  cooker  over  a  type  of  power 
MOSFET. 

The  objetives  of  this  study  were  to  find  die  failure 
mechanism  at  high  temperatures  and  normal  relative 
humidity  conditions,  to  evaluate  the  activation 
energy  of  die  failure  mechanism  and  to  calmlate 
die  temperature,  humidity  and  electical  power 
acceleration  factors  in  these  devices. 


penetration  on  plastic  packaging.  However  one  test 
was  performed  to  evaluate  the  humidity  acceleration 
factor. 


2.TEST  SAMPLES 

Test  were  carried  out  on  four  lots  composed  each 
one  by  five  samples  of  power  MOSFET  without 
heat  sink.  The  technology  of  the  transistors  was 
HEXFET  and  the  package  type  was  TO-220.  The 
most  commun  aplication  of  these  devices  is  in 
DC/DC  converters  and  power  supplies. 


The  purpose  of  the  presure  cooker  chamber  is  to 
perform  accelerated  teats  instead  of  tipical  test  (85 
°C/85  %HR)  reducing  the  test  time.  However  there 
is  some  controversy  about  the  results  that  can  be 
obtained  with  these  chambers,  because  the  severe 
conditions  of  high  temperature,  humidity  and  hight 
presure,  not  always  reproduce  failures  which  can 
appear  in  the  real  aplication  of  the  devices.  CXu 
experience  shows  that  for  some  componentes.  Wee 
SRAM  and  power  devices,  these  chamber!  are 
valid,  but  for  other  coaponents,  like  LED,  are  not 
valid,  because  they  reproduce  failures  which  are  not 
obtained  in  the  field.  One  advantage  of  there 
chamber!  teat  is  that  it  permits  to  control  the 
humidity  over  100°  C.  This  facility  allowed  ns  to 
perform  accelerated  test  in  temperature  but  holding 
up  the  humidity  close  to  normal  conditions.  The 
purpose  is  to  reproduce  the  real  humidity  gradient 
that  there  devioes  present  in  the  aplication. 

Due  to  the  fact  that  there  devices  show  high  power 
dissipation  at  the  aemicondnctor  surface,  it  was  not 
an  objetive  to  prove  dm  resistance  to  moisture 


3. FAILURE  CRITERIA 

The  oo-reaistance  R^  was  dm  selected  parameter 
to  delect  dm  failure  during  dm  tests.  Measurements 
were  made  every  three  minutes  and  the  failure 
criteria  was  an  on-resistance  greater  than  1.2  Ohm. 
That  means,  aproximately,  three  times  greater  than 
dm  typical  on -resistance  at  test  temperature. 


4. TEST  CONDITIONS 

A  pressure  cooker  was  used,  that  allowed  us  to 
control  dm  humidity  at  temperatures  over  100  °C. 
The  following  four  conditions  were  selected:  145 
”065%  RH  with  1.3  W,  135  °C/85*  RH  with 
1.3  W,  135  °CI65%  RH  with  1.3  W  and  135 
°C/65%  RH  with  1  W. 

The  transistors  were  biased  in  the  ohmic  region  and 
in  the  safe  operating  area.  The  DC  gate  and  drain 
power  supplies  were  uuhpendwri,  to  avoid  dm 
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influence  of  possible  drain  failure  in  one  sample,  for  die  die  sttwlmmit  failure  mechanism  of  2.34 

diet  can  affect  die  bias  voltage  gate  of  the  rest  of  eV.  The  value  calculated  for  die  B  constant  is 

the  samples.  Furthermore  this  allows  us  to  obtain  -1.57,  the  A  constant  is  5.4*l(rJ1  and  finally  the  n 

a  good  stabilisation  of  the  working  point.  constant  is  4.12. 


5. TEST  RESULTS 

The  obtained  results  were  plotted  on  Weibull  paper 
to  evaluate  the  shape  parameter  and  the  mean  time 
to  failure  (MTTF).  The  Figure  1  Weilbull  plot  of 
the  shows  the  test  results  and  the  Table  1  shows  the 
test  conditions,  shape  parameter  and  MTTF  for 
each  test 

The  four  tests  results  showed  similar  shape 
parameter,  drat  means  that  only  cue  kind  of  failure 
nwtianism  was  present  A  failure  analysis  were 
performed.  The  electrical  analysis,  by  a  Parameter 
Semiconductor  Analyzer,  showed  a  serial  resistance 
with  diode  drain-source.  The  physical  analysis,  by 
X-Ray,  showed  voids  on  die  adhesive  between  the 
die  and  the  lend  frame,  the  failure  «"»«*«"  «■"  was 
related  with  problems  on  the  die  attachment  These 
results  were  present  in  all  failed  transistors  and 
confirm  that  only  one  failure  wurfiiism  was 
present.  Below  is  an  explanation  with  more  details 
about  the  failure  analysis. 

In  order  to  evaluate  the  temperature  and  humidity 
acceleration  factors,  ter  end  models  were  tried 
(Lawson,  Eyering,  Weick,  Peck,  Peck  and  Zierdt, 
Strochle).  The  best  one  was  Peck  and  Zierdt, 
Equation  1.  As  the  test  2  and  3  from  Table  1  show, 
the  humidity  has  not  to  much  «nfln«r»<  in  die 
reliability  of  these  devices,  incresasing  die  relative 
humidity  by  a  20%,  the  MTTF  decrease  only  from 
69,4  to  42,5  hours.  This  result  is  confirmed  by  the 
selected  model.  Moreover  a  corrosion  failure 
mechanism  was  not  observed  in  the  failure  analysis, 
this  means  that  no  moisture  penetration  was 
present. 


tOTF-Ae**'  [3] 
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This  model  is  only  applicable  for  de  /ices  without 
heatiunk  in  case  with  high  dissipation  power.  The 
data  obtained  with  die  proposed  model,  were 
compared  with  the  MIL  217F  and  the  data 
manufacturer.  We  observed  that  die  data 
manufacturer  are  lightly  optimism  and  the  data 
from  MIL  are  very  pessimist. 


6. FAILURE  ANALYSIS 

We  carried  out  an  electrical  analysis  on  the  foiled 
components  to  check  die  mode  of  failure.  The 
Figure  4  represents  die  curves  of  die  intrinsic 
diode  drain-source  for  two  devices,  one  of  them 
good  (A)  and  the  other  one  wrong  (B).  It  can  be 
seen  m  two  curves  die  integral  body-drain  diode, 
but  in  die  wrong  case  show  a  serial  resistance.  This 
resistance  can  be  calculated  by  the  inverse  of  the 
gradient  I/V.  The  slope  changed  when  die  body  of 
device  was  pressed.  The  electrical  behaviour  the 
whole  of  the  failed  devices  was  similar. 

In  die  physical  analysis,  by  X-ray,  we  observed 
voids  on  the  adhesive  between  the  die  and  lead 
frame.  The  Figure  2  shows  die  X-ray  photography 
for  a  foiled  transistor  and  the  Figure  3  for  a  good 
one.  There  voids  on  the  adhesive  of  the  component, 
present  in  ill  foiled  devices,  explain  die  serial 
resistance  finded  in  die  electrical  analysis.  We  can 
deduce  that  die  failure  mechanism  in  these  test,  was 
die  attachment. 


UTTF  -  A  f,/T  r*-  W 


As  is  showed  from  die  test  2  and  3  we  have 
obtained  a  large  influence  with  the  power,  from 
dus  reason,  we  have  decided  to  include  in  the 
model,  a  foctor  that  conrider  the  power  efcct,  based 
on  die  Invene  Power  Law,  Ecuation  2. 


The  fiulhire  mechanism  we  have  obtained  with 
these  devices  tests  is  no  very  usual  in  their  typical 
application,  then  the  proposed  model  can  not  be 
applicable  for  gcoeral  behaviour  of  dime 
transistors. 

7. CONCLUSIONS 

We  have  obtained  the  following  conclusions: 


UTBF1 

UTBF2 


(%r  pi 


The  proposed  model  is  expreeed  in  the  Ecuation  3. 
With  this  model  we  obtained  an  activation  energy 


1. -  The  same  failure  mechanism,  die  attachment 
failure,  was  found  in  all  tests,  die  evaluated 
activation  energy  was  2.34  eV. 

2. -  Although  a  preasure  cooker  was  used,  the 
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Figure  l.-Wdbull  plot. 


Fifore  2.-Pho*o*r^)hy  X-ray  in  a  failed 


Figure  3.-Pho4ognphy  X-ciy  ia  a  good  l 
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BEHAVIOR  OF  LASING  WAVELENGTH  CHANGE 
DURING  DEGRADATION 

IN  BURIED-HETEROSTRUCTURE  (BH)-TYPE  DFB  LASER 
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ABSTRACT:  The  behavior  of  lasing  wavelength  change  during  degradation  is  experimentally  clarified  in  a  Buried 
Hecerostructure  (BH)  InGaAsP/InP  DFB  laser,  and  the  mechanism  of  the  wavelength  change  is  theoretically  analysed. 
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1.  INTRODUCTION 

Optical  fiber  transmission  systems  employing  dense 
wavelength-division-multiplexing  (d-WDM)  techniques 
have  attracted  special  interest  very  recently.  In  addition, 
proto-types  of  optical  fiber  transmission  systems 
employing  optical  fiber  amplifiers  are  beginning  to  be 
put  in  the  field.  In  all  those  systems,  the  stability  of 
the  lasing  wavelength  and  the  spectral  linewidth  of  optical 
sources  are  key  factors  determining  reliability.  The 
wavelength  stability  is  often  required  to  be  less  than  a 
few  angstroms  all  through  the  service  term. 

The  distributed  Redback  (DFB)  laser  is  commonly  used 
as  an  optical  source  in  those  systems.  Their  wavelength 
stability  for  long-term  aging  has  been  reported,  although 
the  correlation  between  degradation  mechanisms  and  the 
wavelength  change  were  not  clarified  [1,  2].  In  this 
paper,  we  experimentally  clarify  the  behavior  of  lasing 
wavelength  change  in  BH  type  InGaAsP/InP  lasers  during 
degradation,  and  the  mechanism  of  the  change  is  discussed. 

The  degradation  observed  in  the  present  study  followed  a 
common  pattern  in  BH-type  InGaAsP/InP  DFB  lasers, 
and  scarcely  depended  on  the  structrac  of  the  active  regain, 
bulk  structure.  Multiple  Quantum  Well  (MQW)  structure. 


and  strained-MQW  structure.  Thus,  the  correlation  between 
the  degredat1  'n  and  the  wavelength  change  is  qualitatively 
the  same  for  all  types  of  InGaAs(P)/InP  BH-type  DFB 
las  s.  The  following  sections  discuss  the  behaviors  of 
lasing  wavelength  change  during  degradation  in  BH-type 
InGaAsP/InP  MQW  DFB  lasers. 

2.  DEVICES  AND  AGING  CONDITIONS 

The  devices  used  are  1-55-pm-band  InGaAVInGaAsP  BH- 
type  MQW  DFB  lasers  with  a  phase  shift.  An  MQW 
structure  with  a  1 . 1 5-pm-composition  guide  layer  over 
0.15  pm  thick  is  grown  by  MOVPE  on  an  n-type  InP 
substrate  [3].  The  MQW  structure  consists  of  3-5  InGaAs 
well  layers  and  InGaAsP  barrier  layers.  These  layers  are 
buried  by  InP  layers  grown  by  LPE  after  the  mesa-structure 
formation.  The  cavity  length  is  900  pm,  and  both  facets 
are  coated  with  an  anti-reflecting  film.  The  coupling 
coefficient  of  the  grating  is  controlled  to  20-35  cm'1. 
These  lasers  were  mounted  on  a  Si  heat  sink  with  junction- 
up  or  -down  configuration.  At  25  "C,  the  threshold 
current  was  between  20  mA  and  40  mA,  and  the  slope 
efficiency  was  between  0.1  W/A  and  0.15  W/A.  More 
than  100  devices  were  aged  under  various  conditions. 
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3.  DEGRADATION  BEHAVIOR 

In  BH-type  InGaAsP/lnP  lasers,  the  main  cause  of  the 
degradation  is  BH  interface  degradation  as  shown  in  Fig. 
1(3,4],  In  the  initial  stage  of  the  degradation,  nonradotive 
recombination  cunent  at  the  BH  interface  increases  while 
threshold  carrier  density  remains  nearly  constant  That 
is,  the  degradation  is  in  the  double  heterojunction  diode. 
This  degradation  mode  is  quite  different  from  that  of 
AIGaAs/CaAs  lasers  and  peculiar  to  InGaAaP/InP  systems 
($].  In  the  second  stage,  the  degradation  of  an  optical 
cavity  h  gradually  geneoecd  and  is  added  to  the  degradation 
of  the  heterojunction  diode.  These  degradation  modes 
directly  or  indirectly  influence  the  lasing  wavelength. 


InGoAsP 


Figure  1  Schematic  diagram  of  BH  interface  drgraditior 
The  arrows  show  the  estimated  degradation  pwt 

Typical  curves  for  die  change  in  lasing  wavelength  are 
shown  in  Fig.  2.  There  is  very  little  change  in  the 
initial  stage,  although  the  threshold  current  clearly 
increases.  After  severe  degradation,  the  wavelength 
begins  to  change.  In  DFB  lasers,  the  wavelength  shift, 
AX,  during  degradation  is  determined  by  the  change  in 
effective  grating  pitch.  A, 

A  »  X/2n,  (1) 

where  X  is  the  lasing  wavelength  within  the  cavity  and  n 
is  the  refractive  index  in  the  active  region.  This  effective 
grating  pitch  change  is  introduced  by  the  refractive  index 


change  in  the  active  region.  That  is,  wavelength  shortening 
is  caused  by  the  plasma  effect  due  to  the  injected  carrier, 

-  AX^i _ and  the  lengthening  due  to  Joule  heating, 

A  X,ouU.  and  can  be  expressed 

AX  «  -  AX^Ujmt  +  AX,^,..  (2) 

Here,  -  AX^, _ is  a  function  of  injected  carrier  density, 

and  may  be  expressed  for  liSitm-bandlnGaAsfP)  systems 
as  follows: 

-  A\,.__  »  -2  An  A«  -  2  A  (6x  IONIAN.  (3) 

where  AN  is  the  change  in  earner  density,  which  is  on 
the  order  of  10"  cm  ’  after  lasing,  A  is  on  the  order  of 


NORMALIZED  THRESHOLD 
CURRENT,  hh  /  khO 


Figure  2  Lasing  wavelength  change  at  a  constant  cunent 
of  100  mA  during  degradation.  The  aging  was  carried 
out  under  a  constant  current  of 450  mA  at  50 1. 

Iff1  cm.  Therefore,  from  Eq  (3),  the  wavelength  change 
due  to  the  plasma  effect  would  be  more  than  1  nm  after  a 
30%  increase  in  threshold  current,  if  the  increase  in 
threshold  cunent  was  due  solely  to  the  increase  in  threshold 
carrier  density.  However,  Fig.  1  shows  an  wavelength 
shift  of  lets  than  0.1  nm.  This  is  because  of  the 
constant  threshold  carrier  density  in  the  initial  stage 


228 


1881.2 


10 


i 


i 

\ 


i 


NORMALIZED  THRESHOLD 
CURRENT,  kh/lmo 


Figure  3  Lasing  wavelength  change  at  •  constant  output 
power  of  10  mW  and  20  mW  daring  degradation.  The 
agmg  was  earned  out  under  a  consul*  current  of 450  mA 
at50TC. 

of  the  BH  interface  degradation  as  ducusaed  above.  For 
Ai,„w.  the  wavelength  ifift  is  about  0.1  nm/Xl. 
Therefore,  the  wavelength  lengthening  becomes  domamnt 
in  BH-type  InGaAsP/tnP  laaen  because  of  the  healing  in 
the  active  region,  even  with  electric -cooler  control.  This 
trend  it  intensified  under  congant  output  power  operation, 
as  shown  in  Fig.  3.  because  the  injected  current  is 
increased  in  order  to  keep  output  power  constant. 
Therefore,  die  paaem  of  wavelength  change  doe  to  heating 
difliers  with  the  mounting  configuration.  The  devices 
with  junctioo-qp  configuration  rend  to  exhibit  rapidly 
increasing  wavelength  diving  degradation  when  compared 
w*h  them  wim  junctioo-dowu  ccofigursnon  [6)  Anyway, 
these  wavelength  shifts  depend  on  the  device  deputation, 
and  devices  with  no  degradation  scarcely  showed  toy 
wavelength  change  even  after  20.000  boon  aging  (Fig. 
4).  Consequently,  it  can  be  said  that  we  can  obtain 
lasers  applicable  to  the  d-WDM  systems  and  systems 
employing  optical  fiber  amplifiers  bees  use  of  the 
drgvhlioe  beheviors  imheareddbove. 


AGING  TIME  (h) 

Figart  4  Typical  aging  of  l.SS  pm-BH-type 
InGaAsPAnP  MQW  DFB  lasers. 


4.  CONCLUSION 

The  wavelength  change  of  die  DFB  laser  during  degradation 
is  mainly  determined  by  the  Joule  heating  and  is  quite 
small  because  of  the  behavior?  of  BH  interlace  degradation. 
The  wavelength  change  behavior  should  be  considered  in 
estimating  reliability  of  DFB  lasers  applied  to  systems 
requiring  long-term  stability  of  lasing  wavelength,  such 
as  d-WDM  systems  and  syaems  employing  optical  fiber 
amplifiers. 
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RELIABILITY  ASSESSMENT  OF  A  I480nm  MQW  PUMP  LASER  DIODE  FOR  ERBIUM 
DOPED  FIBER  AMPLIFIERS. 


Anthony  Hawkridge  and  Adam  Carter 
Hewlett-Packard  Fibre  Optics  Components  Operation. 
Whitehouse  Road,  Ipswich,  Suffolk,  IPI  5PB 


I.  INTRODUCTION 


High  power  I480nm  pump  lasers  are  required  as 
the  pumping  sources  for  erbium  doped  fiber 
amplifiers  for  long  haul  transmission  systems 
(Ref  1,2).  Such  systems  may  require  individual 
component  lifetimes  in  excess  of  25  years. 

In  this  paper  we  describe  two  |480nm  multi¬ 
quantum  well  (MQW)  pump  laser  structures, 
and  summarise  the  work  undertaken  to 
demonstra’e  their  suitability  for  such  high 
reliability  applications. 


2.  STRUCTURE  AND  CHARACTERISATION 


Two  types  of  planar  buried  heterostructures 
(BH)  grown  entirely  by  atmospheric  MOVPE 
(Ref  3)  were  used  in  the  reliability  assessment. 
These  utilised  a  Graded  Refractive-Index 
Separate  Confinement  Heterostructure 
(GRINSCH)  or  Separate  Confinement 
Heterostructure  (SCH). 

Figure  I  shows  (he  conduction  band  diagram  of  (he 
GRINSCH  structure.  The  structure  consists  of  9 
GalnAsP  (X  =  1 ,55pm)  wells  with  8  GalnAsP 
barriers  (X  =  1 ,2pm).  The  thickness  of  the  quantum 
wells  was  determined  so  that  the  lasing  wavelength 
would  be  I480nm.  The  graded  region  has  three 
quaternary  layers  (X  =  1 .2pm,  I .  I  pm,  I  .Opm). 

In  the  SCH  structure,  shown  in  figure  2,  the 
confinement  region  maintains  the  same 
composition  as  (hat  used  for  the  barrier  layers.  The 
thickness  of  the  confinement  layers  was  determined 
so  that  both  the  SCH  and  GRINSCH  structures  had 
the  same  calculated  confinement  factor. 

During  subsequent  processing,  ami-reflective 
(R  =  3-10%)  and  highly  reflective  (R  =  93%) 
coatings  were  deposited  on  either  facet  of  the 
750pm  long  laser  diodes.  The  devices  were 


mounted  p-side  down  on  diamond  heatsinks  which 
were  themselves  bonded  to  a  suitable  carrier  for  the 
reliability  assessment. 


Figure  I:-  Conduction  band  schematic  of 
nine-well  GRINSCH  structure. 


Figure  2:-  Conduction  band  schematic  of 
nine-well  SCH  structure. 


Pump  laser  diodes  gave  typical  threshold  currents 
of  25mA  at  30C;  over  the  temperature  range  0C  to 
60C  threshold  currents  varied  between  17  -  40mA 
with  corresponding  slope  efficiencies  of  0.35  - 
0.50W/A.  Confinement  was  demonstrated  by 
parallel  and  perpendicular  far  fields  of  28°  and  35°; 
typical  coupling  of  50%  into  single  mode  fiber 
realised  output  powers  of  60mW  at  3ct)mA  and 
30C. 
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3.  INITIAL  RELIABILITY  EVALUATION 


failure  to  be  calculated,  this  median  lifetime  is 
thought  to  be  a  pessimistic  value. 


3.1  Screening 

Devices  for  the  initial  reliability  evaluation  were 
subjected  to  a  constant  current  bum-in  of  350mA  at 
I25C  for  24  hours.  A  failure  criterion  of  >20% 
change  in  threshold  was  used  for  screening 
purposes.  This  condition  is  the  same  as  that 
routinely  applied  to  production  devices. 


3.2  Evaluation 

The  reliability  of  the  pump  laser  diode  was  initially 
assessed  at  a  single  temperature  of  30C.  Devices 
were  lifetested  using  automatic  power  control 
(APC)  where  the  optical  output  of  the  devices  was 
maintained  at  a  constant  level  whilst  the  laser  drive 
current  was  allowed  to  vary. 

A  total  of  64  devices  completed  in  excess  of 
500000  device  hours  at  50C.  A  typical  optical 
output  power  for  these  devices  was  40mW.  Drive 
current  degradation  rates  of  <0.7%/1000hours  were 
observed  at  S0C. 

Long  term  degradation  of  the  buried  heterostructure 
device  has  previously  been  modelled  using  equation 
(1):- 


I-Io  «  At"  (1) 

Io 

Where  Io  is  the  initial  drive  current,  I  is  the  drive 
current  at  time  t,  and  A  and  n  are  constants  (Ref  4). 
Equation  (1 )  is  used  in  the  linear  form  (2):- 

Log  [(I  -  Io)/Io]  «=  nLog  t+  Log  A  (2) 

Applying  this  model  to  lifetest  data  using  a  least 
squares  fitting  process  allows  an  estimate  of  n  and 
A  to  be  made.  It  is  then  possible  to  extrapolate  to 
the  failure  criteria  for  current  change  and  obtain  a 
predicted  time  to  failure. 

The  prediction  model  (2)  was  applied  to  the  data 
from  these  initial  tests.  However,  due  to  the  low 
rates  of  degradation  observed,  realistic  predicted 
lifetimes  were  obtained  from  relatively  few  devices 
only.  Where  it  was  possible  to  calculate  a  time  to 
failure,  the  lifetime  was  plotted  on  a  cumulative 
probability  plot.  A  median  lifetime  of  >1.5e5  hours 
at  50C  was  suggested,  failure  being  defined  as  a 
50%  increase  in  drive  current  for  constant  light 
output.  As  the  majority  of  devices  did  not  show 
sufficient  degradation  on  lifetest  for  a  time  to 


4.  TEMPERATURE  AND  CURRENT 
ACCELERATION 


4.1  Xm-Condiiiom 

The  reliability  of  the  pump  laser  diode  under  high 
current  stress  conditions  was  considered.  A  series  of 
lifetests  at  temperatures  of  30C  and  70C,  and  drive 
currents  of  400mA  to  550mA  commenced  in  an 
attempt  to  measure  the  effect  of  temperature  and 
current  on  lifetime. 

The  devices  were  lifetested  under  a  constant  drive 
current  condition  with  interim  characterisations 
made  at  30 C.  A  reference  optical  power  of  70mW 
at  30C  was  used  for  monitoring  changes  in  drive 
current. 

The  conditions  of  test,  sample  sizes  used,  and  test 
hours  completed  are  summarised  in  table  1 . 


Table  1 Temperature/Currcnt  Activation  Lifetests 


Condition 

30C/400mA 

30C/450mA 

30C/500mA 

30C/550mA 

70C/400mA 

70C/450mA 

70CVS00mA 


Sample  Size 

10 

7 
9 

8 

6 

7 

8 


Test  Hours 

6208 

7118 

5955 

5855 

5878 

6892 

5749 


4.2  Screening 

In  addition  to  the  constant  current  screen  described 
in  section  3.1.  devices  for  these  tests  were  subjected 
to  a  second  bum-in  screen.  Subsequent  work  to  this 
study  had  shown  the  need  for  a  second  bum-in 
process  to  remove  devices  which  may  have  shown  a 
higher  rate  of  degradation  then  desired.  The  failure 
criteria  suggested  was  retrospectively  applied  to  the 
data  collected  from  these  lifetest  after  100  hours 
had  elapsed.  Failure  criteria  of  threshold  >30mA  at 
30C,  change  in  threshold  >15%,  and  optical  power 
<70mW  at  30C  were  used.  Approximately  9%  of 
devices  failed  this  second  screen. 
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4.3  Results 


Table  2:- 


Typical  results  from  a  30C  lifetest  are  shown  in 
figure  3.  Low  rates  of  degradation  were  observed. 
An  attempt  was  made  to  use  equation  (2)  for 
predicting  lifetimes,  but  insufficient  current 
degradation  had  been  observed  for  meaningful 
predictions  to  be  made  even  for  laser  drive  currents 
of  550mA. 

Measurable  degradation  was  observed  from  the  70C 
lifetests  (figure  4)  enabling  predicted  times  to 
failure  to  be  obtained  using  equation  (2).  Predicted 
times  to  failure  were  used  to  produce  a  cumulative 
probability  distribution  for  each  lifetest  condition. 
The  70C  results  are  summarised  in  table  2. 


Condition  Median  Lifetime 

70C/400mA  3e4  hours 

70C/450mA  4e4  hours 

700500mA  2e4  hours 


The  results  suggested  that  median  lifetime  was 
insensitive  to  drive  current  over  the  current  range 
400mA  to  500mA. 

The  data  from  the  three  70C  lifetests  has  been 
pooled  and  an  overall  cumulative  probability  plot 
for  70C  obtained  (figure  5).  Grouping  the  data  gave 
an  overall  median  lifetime  of  3e4  hours  at  70C  with 
a  standard  deviation  (0)  of  0.64.  (Ref  5) 


Numawd  B 
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Figure  3:-  Typical  lifetest  results  from  a 
pump  laser  batch  at  30Cand  drive  current  of 
400mA.  Normalised  drive  current  for 
70mW/30C. 


Figured:-  Typical  lifetest  results  from  a 

pump  laser  batch  at  70C  and  drive  current  of 
500mA.  Normalised  drive  current  for 
70mW/30C 


Ebpnt  Time 

Figure  5:-  Cumulative  probability  plot  for 
grouped  70C  data. 
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4.4  Thermal  Activation  Energy 

The  absence  of  significant  degradation  at  30C 
precluded  quantifying  the  thermal  activation  energy 
between  3CC  and  70C.  However,  the  Arrhenius 
equation  (3)  was  applied  to  the  70C  data  and  the 
50C  data  from  the  initial  reliability  assessment 
(Ref  5) 

Acc  factor  =  {Ea(_L  -  JL) }  (3) 

{  k  (T2  -  T1  >} 

Where  Ea  is  the  activation  energy,  k  is  Boltzmanns 
constant,  and  T1  and  T2  are  absolute  temperatures. 

The  median  lifetimes  obtained  at  70 C  and  50C 
suggested  an  activation  energy  for  current 
degradation  of  0.8eV.  Other  buried  heterostructure 
designs  have  previously  demonstrated  activation 
energies  in  the  range  0.6  to  l.OeV. 


5.  WEAR-OUT  AND  STEADY-STATE 
FAILURE  RATES 


The  activation  energy  calculated  in  section  4.4 
suggests  a  median  lifetime  of  1 ,8e6  hours  at  2SC. 
Goldthwaite  analysis  (Ref  5),  performed  using  the 
a  value  of  0.64  derived  from  the  70C  lifetests, 
indicates  that  the  wear-out  failure  rate  will  not 
exceed  1  FIT  in  20  years  of  service. 

An  activation  energy  of  0.35eV  for  steady  state 
failure,  as  recommended  for  active  optical  devices 
(Ref  5).  has  been  applied  to  the  testing  completed 
in  sections  3  and  4.  The  equivalent  of  4.45e6  device 
hours  at  2SC  have  been  completed;  this  suggests  a 
steady  state  failure  rate  of  <205  FITs  to  a  60% 
confidence  level,  and  <518  FITs  to  a  90% 
confidence  level.  These  steady  state  failure  rates 
are,  however,  primarily  limited  by  the  elapsed 
hours  on  test  completed  and  it  is  anticipated  that  the 
demonstrable  steady  state  failure  rate  will  reduce 
with  the  collection  of  further  component  hours. 


6.  CONCLUSIONS 


The  design  and  device  characteristics  of  a 
GRINSCH  and  SCH  1480nm  MQW  pump  laser 
diode  for  high  reliability  applications  has  been 
described.  Threshold  currents  of  <40mA  at  60C 


were  observed.  Typical  coupling  into  single  mode 
fiber  realised  output  powers  of  60mW  at  350mA 
and  30C. 

A  single  temperature  reliability  assessment 
demonstrated  a  median  lifetime  of  >1 .5e5  hours  at 
50C.  Lifetests  performed  over  a  range  of  currents  at 
70C  suggested  that  median  lifetime  was  insensitive 
to  drive  current;  grouping  the  data  from  these  tests 
gave  a  median  lifetime  of  3.0e4  hours  at  70C.  Low 
rates  of  degradation  were  observed  at  30C 
precluding  a  prediction  of  lifetime  at  this 
temperature.  However,  an  Arrhenius  analysis  of 
50C  and  70C  data  suggested  an  activation  energy 
for  current  degradation  of  0.8eV. 

This  activation  energy  gave  a  predicted  median 
lifetime  of  1.7e6  hours  at  25C.  With  a  sigma  value 
of  0.64  obtained  from  the  70C  test,  Goldthwaite 
analysis  indicated  that  the  wear-out  failure  rate  for 
the  1480nm  MQW  pump  laser  diode  would  not 
exceed  1  FIT  in  20  years  of  service. 
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THE  THERMAL  RESISTANCE: 

A  RELIABILITY  MONITOR  FOR  LASER-DIODE  MODULES 
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Swiss  Federal  Institute  of  Technology  (ETH) 

Reliability  Laboratory,  ETH-Zentrum,  CH-8092  ZQrich,  Switzerland 


Abstract  -  The  measurement  of  the  thermal  resistance 
of  laser  diodes  may  give  useful  pieces  of  information 
to  determine  the  failure  mechanisms  not  only  of  the 
laser  diode  but  also  of  the  module  in  which  the  it  is 
housed.  This  has  been  clearly  shown  by  failure 
analysis  of  commercially-available  laser-diode 
modules  for  telecom  application  which  failed  after  a 
temperature-cycling  test.  Among  the  five  different 
failure  mechanisms  dim  have  been  identified,  three 
failure  mechanisms  are  associated  with  thermal- 
resistance  increase,  in  consequence  of  mechanical 
displacement  either  of  the  laser-diode  die  or  of  the 
heat-sink.  These  two  forms  of  displacement  (which 
have  different  causes)  change  the  alignment  between 
the  die,  the  lens  and  the  fiber-tip,  and  consequently 
change  the  external  efficiency  of  the  laser-diode 
module,  which  in  some  case  could  also  notably 
increase. 

Thus,  the  thermal  resistance  proved  to  be  an  efficient 
parameter  to  monitor  the  reliability  of  laser-diode 
modules,  since  the  it  may  pot  into  evidence  the 
presence  of  latent  failure  mechanisms  inside  those 
modules  which  apparently,  relying  on  die  external- 
efficiency  only,  are  not  functionally  degrading  or,  even 
paradoxically,  are  functionally  improving. 

1.  INTRODUCTION 

The  penetration  of  optical  fiber  into  local-loop 
communication  systems  is  occurring  rapidly.  Fiber-m- 
the-loop  installations  are  undergoing  field  testing  in 
harsh,  unhealed  or  uncooled,  environments.  These  are 
commonly  referred  to  as  uncontrolled  environments  as 
opposed  to  controlled  office  environment.  Laser  diode 
modules  in  the  uncontrolled  environment  of  a  pedestal 
near  a  subscriber's  residence  must  be  designed  to 
withstand  rapid  temperature  cycles,  possibly  once  or 
twice  a  day,  between  storage  temperatures  as  low  as 
-40*C  and  operating  temperatures  as  high  as  +85*C, 
which  includes  sun  loading  and  beat  Grom  the 
electronics  of  the  powered  equipment  [1J. 

The  laser  diode  is  a  temperature-sensitive  device.  The 
most  important  parameters,  e.g.  threshold  current  and 
emitting  wavelength,  are  strongly  temperature  depen¬ 
dent  From  the  reliability  point  of  view,  the  laser  diode 
needs  a  stable,  homogeneous,  low  resistive,  and  low 
self-heating  die- attach  to  guarantee  a  uniform 
distribution  of  the  injected  current  through  the  active 
layer  and  an  efficient  drain  of  the  dissipated  power  to 
the  heat-sink.  Accelerated  life  tests  have 
that  only  laser  diodes  with  a  perfect  die  attach  may 


reach  high  reliability  performance. 

Thermal-cycling  is  one  of  the  most  appropriate  tests  to 
evaluate  the  mechanical  integrity  of  a  module  design. 
Repeated  twitching  from  Ugh  to  low  temperatures 
stress  joints,  bonds,  interfaces  and  lens  moanring  doe 
to  the  different  thermal  expansion  coefficients  of  die 
internal  parts.  A  recent  paper  [2]  reports  the  results  of  a 
thermal-cycling  stress  test  of  laser  diode  modules  for 
telecom  application,  and  a  simple  life-rime  model  to 
compute  the  number  of  cycles  to  failure,  in  order  to 
make  predictions  on  the  operational  reliability  of  laser- 
diode  modules,  it  is  essential  to  have  an  understanding 
of  the  involved  failure  mechanisms,  The  measurement 
of  the  thermal  resistance  may  give  useful  pieces  of 
information  for  this  purpose. 


2.  EXPERIMENTAL 

2.1  Samples 

Eighty  commercially-available  laser  diode  modules  of 
two  different  manufacturers  (A  and  B)  have  been 
tested.  The  packages  are  cylindrical-type  with  single- 
mode  silica-fiber  pigtafi.  In  order  to  take  pfenning 
eflocts  into  account  [3],  half  of  the  modules  have  been 
provided  with  an  optical  connector.  Bor  both  module 
type,  the  internal  hermetically-sealed  metal-can 
contains  a  ridge-type  1300-nm-wavelength  InP  laser 
diode,  a  focusing  aid  collimating  lens,  and  a  rear-faced 
fflicon  monitor  dkxter 

The  A-type  laser  diodes  are  soldered  active-side-ap 
onto  a  silicon  heat-sink  by  an  eutectic  Au/Sn  die- 
attach.  The  beat-sink  is  soldered  onto  a  gold-plated 
copper  stem  using  a  soft  Pb/Sn  solder.  A  collimating 
and  focusing  zirconium  ball  lens  is  positioned  doac  to 
the  Gnat  minor  of  the  laser  diode.  The  lens  is  soldered 
into  a  square  pyramid-shaped  window  in  the  silicon 
mourning. 

The  B-type  laser  diodea  are  mounted  active-side-down 
onto  a  diamond  beat-sink  by  an  eutectic  Au/Sn  dfe- 
attach.  The  heat-sink  is  soldered  onto  a  gold -plated 
copper  stem  using  a  soft  Ph/Sn  solder.  The  H/Pt/Aa 
metallization  layer  of  the  active-aide  is  isolmed  Grom 
the  crystal  area  surrounding  the  contact  atrip  by  a 
silicon  nitride  dielectric  layer.  The  collimating  lens  is 
positioned  using  a  metal  clip  mounting. 

22  Thermal-CycUnf  Stress  Tut 

The  thermal -cycling  stress  test  has  been  divided  into 
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loa  lest  programs,  as  indicated  is  Tab.  1. 

Each  teat  pragma  fadadet  >  act  of  ten  device*  of  both 
manufacturers,  and  is  intended  to  investigate  the 
homogeneity  and  the  time-dependence  of  the  failure 
mechanisms  activated  by  different  temperaage  swing, 
range,  and  gradient  No  electrical  power  has  been 
supplied  to  the  samples  during  thermal  cycling.  The 
thermal  cycling  test  has  been  performed  cotnerupori- 
neously  at  different  laboratories  using  two-chamber 
climatic  systems. 

AH  the  devices  have  been  automatically  tested  before, 
at  scheduled  intermediate  check  points,  and  at  the  end 
of  thermal  cycling.  Before  and  after  thermal  cycling, 
the  main  electrical  and  optical  parameters  of  the  laser 
diode  and  of  the  monitor  diode  have  been  measured  at 
the  bench  in  order  to  obtain  supplementary  mformatioa 
for  tame  failure  analysts. 

Since  *e  mvtreigaacd  laser  diode  modules  are  intended 
for  iaattllation  in  complex  telecommunication 
systems,  die  tolerances  for  the  drift  of  the  electro- 
optical  parameters  must  be  tighter  than  usuaL  Thus  the 
devices  are  assumed  to  fail  as  soon  as  any  electro- 
optical  psnunerer  decreases  by  10%  (-  -  0,5  dB)  of  its 
initial  value. 

23 RthMcauremau  Before  Thermal  Cycling 

The  junction- to-beat-sink  thermal  resistance  (Rth)  has 
been  measured  for  all  the  devices  before  and  after 
thermal  cycling.  The  thermal  resistance  measurements 
have  been  performed  using  a  dedicated  swteb-and- 
measure  circuit,  based  on  the  terminal  voltage  method, 
M  and  {51 

Seventy-seven  out  of  the  eighty  devices  have  been 
measured.  The  only  exception  we  three  devices  (#A26, 
#B7,  and  *B23)  because  of  their  excessive  leakage 
current.  The  mean  value  (ji)  and  the  standard  deviation 
(o)  of  the  Rg|  values,  measured  in  [”C/W],  before 
thermal  cycling  an :  |t  ■  35 3,  o  -  &0  for  MmlA  ,  and 
|t  *  1X2,  o  m  7ft  for  MsslB  .  Tbeae  mean  values  ate 
typical  {6]  of  InP  laser-diodes  soldered  active- side-up 
and  active- side-down,  respectively. 

2.4  Results  After  Thermal  Cycling 

Among  the  monitored  parameters  the  external 
efficiency  (EE)  resulted  to  be  particularty  affected  by 
thermal  cycling. 

The  external  efficiency  (shortened  form  of:  slope 
efficiency  of  the  fiber  output  power)  is  defined  as:  EE 
•  pf  /  (ip  -  Ith  ).  where  Vh  “  the  threshold  current,  V 
is  die  forward  driving  current,  and  Pf  is  the  corre¬ 
sponding  radiative  power  emitted  from  the  fiber  at  a 
constant  reference  value  (200  rA)  of  the  current 
induced  into  the  rear  monitor  diode. 

The  diagrams  in  Fig.  la  and  Fig.  lb  are  two 
representative  plots  showing  in  details  the  external 
efficiency  drift  AEE,  computed  Cm  dB)  as:  AEE  «  10 
Log  (EE  /  EEo),  during  the  lest  program  IB  (-  40  / 
+85°Q  for  both  manufacturers.  In  the  case  of  MaaA 
the  external  efficiency  decrease*  monotonically  with 
the  number  of  cycles,  while  for  the  devices  of  ManJB 
there  is  no  systematic  trend.  Some  devices  are  even. 


paradoxically,  improving.  Assuming  the  afore- 
mmtinnrd  failure  criteria  (AEE  £  -  0,5  dB),  the  per¬ 
centage  of  failed  devices,  at  the  end  of  the  whole 
thermal-cycling  program,  is  about  90%  far  MaaA  and 
abooi  77%  far  Man.B. 

The  mean  value  and  the  standard  deviation  of  the  Rm 
values,  measured  in  after  thermal  cycling  are: 

p  ■  37 A.  a  -  7j6  far  MaaA  and  |t  *  21.2,  o  - 10.9  far 
Man.B  .  Thus,  after  thermal  cycling,  the  Rth  mean 
values  have  increased  about  6%  for  MaaA  and  about 
74%  far  ManB.  Fig .2  and  Flg3  show  the  variation  of 
the  thermal  resistance  of  all  the  laser  diodes  of  Ma&A 
and  Man.B,  respectively,  before  and  after  thermal 
cycling. 

3.  Failure  analysis 

Sixteen  devices  (seven  of  MaaA,  and  nine  of  MaaB) 
with  the  most  representative  failure  modes  have  been 
submitted  to  failure  analysis.  The  failure  mode  of 
almost  all  the  analyzed  modules  is  decrease  of  the 
external-efficiency.  The  only  exception  is  a  device 
(#B23)  which  failed  because  of  a  shore  circuit  at  the 
temunab  of  the  laser  <fiod& 

The  first  failure-analysis  step  was  to  verify  the  fiber 
integrity.  For  this  purpose,  the  internal  guiding-wave 
structure  of  the  pig-tailed  modules  has  been  analyzed 
by  optical  reflectrometrjr  (7],  The  reflection  signature 
of  all  the  analyzed  modules  has  shown  chat  the 
interlaces  of  the  fiber-end,  metal-can  window,  leas  and 
laser-diode  minora  me  localized  at  standard  position, 
within  the  resolution  limit  of  this  technique.  The 
reflected  peak  intensities  at  the  different  interfaces, 
when  compared  with  those  of  a  good  reference  device, 
are  normal  too.  Therefore  it  may  be  inferred  that 

thwTMl  fyrHng  mihwI  no  Aumje  tn  (be  fiber  aod  the 

failures  are  localized  inside  the  internal  can, 
where  the  emitter  and  the  lens  are  hermetically 
encapsulated.  The  observed  failure  mechanisms  arc 
specific  for  each 

3d  Manufacturer  A 

The  main  failure  mechanism  of  Man.A  is  the  cracking 
of  the  lens -holder  doe  to  brittle  fracture  of  the  silicon 
(Fig.4).  The  percentage  of  the  main  failure  mechanism 
is  about  95%.  For  the  remaining  5%  of  failures 
(devices  •  A22  and  #A28)  ,  the  drift  of  die  external 
efficiency  is  accompanied  by  an  Rm  increase  due  to 
cold  bonding  of  the  laser  diode  die  onto  the  heat-sink 
(Fig.  5).  The  initial  Rth  value*  of  these  two  devices 
was  already  high.  The  device  •  A22  passed  from  40JS 
•cyw  up  to  633  *cyw(+ 56%),  while  the  device  #A28 
passed  from  45.1  *C/W  up  to  543  *CVW(+ 18%). 

33  Maufactnrer  B 

The  main  failure  mechanism  of  Man.B  is  the  peeling 
of  the  nitride  dielectric  layer  deposited  under  the 
metallization  of  the  active  side  of  the  laser  diode.  The 
percentage  of  the  main  fafinte  mechanism  is  about 
70%.  Since  MatuB  uses  n  active-tide-down  moancmg, 
the  peeling  of  the  nitride  dielectric  layer  results  fat  a 
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random  movement  of  the  die,  with  consequent 
deviation  of  the  li(ht  beam.  Furthermore  the 
degradation  at  the  interface  produces  a  large  increase 
of  the  thermal  resistance.  Fig  6  shows  the  peelcd-otf 
dielectric  layer  of  the  device  SB13.  The  thermal 
resistance  of  this  laser  diode  has  increased  from  14.7 
*CyW  up  to  275  *C/W  (+  90%).  The  die  promptly  lifts 
off  from  the  heat-sink  after  applying  a  small  shearing 
force  by  a  pointed  wooden  tooth-pick. 

The  random  increase  of  the  external  efficiency  of  the 
modules  from  ManJI  during  thermal-cycling  (Fig.  lb) 
can  be  explained  by  the  originally  not  perfect  die- 
alignment.  which  may  then  be  corrected  by  random 
movement  of  the  die. 

There  are  a  second  and  a  third  failure  mechanisms, 
with  25%  and  5%  percentage  of  failure,  respectively. 
The  uccond  failure  m^hwiyn  i5  the  disbooding  of  the 
diamond  beat-sink  (Fig.  7).  The  initial  Revalue  of  this 
device  (#  B9)  was  already  extremely  high,  and  has 
increased  from  36.4  °C/W  up  to  53.2  °C/W  (+  46%). 
The  third  failure  mechanism,  observed  in  device  SB23. 
is  the  interaction  between  the  crystal  and  the  die-solder 
(Fig.  g),  which  is  a  typical  jeopardy  of  the  active-side- 
down  mounting.  This  laser  diode  had  already  a  very 
high  leakage  current  before  thermal  cycling. 


4.  CONCLUSIONS 

The  measurement  of  the  thermal  resistance  of  laser 
diodes  may  give  useful  pieces  of  information  to 
determine  the  failure  mechanisms  not  only  of  the  laser 
diode  but  also  of  the  module  in  which  it  is  housed. 
This  has  been  dearly  shown  by  the  failure  analysis  of 
commercially-available  laser  diode  modules  for 
telecom  application  from  two  manufacturers,  which 
failed  after  an  extensive  thermal-cycling  test 
All  the  samples  have  been  electro-optically 
characterized  at  the  start,  at  intermediate  number  of 
cycles,  and  at  the  end  of  thermal  cycling.  Before  and 
after  the  lest,  the  thermal  resistance  of  each  laser  diode 
has  been  measured  too. 

Among  all  the  parameters  that  have  been  monitored, 
only  die  thermal  resistance  was  found  to  have  notably 
changed  after  thermal  cycling  for  a  large  number  of 
devices. 

Five  different  failure  mechanisms  have  been  identified: 
two  for  MamA  and  three  for  ManJB  .  The  identified 
Mure  mechanisms  are; 

1.  cracking  of  the  silicon  lens-bolder 

2.  cold  bonding  of  the  User-tEode  die  onto  the 
heat-sink 

3.  peeling  of  the  nitride  layer  of  the  laser  diode 

4.  peer  bonding  of  the  diamond  heat-sink  onto  the 
copper-stem 

3.  interaction  between  the  solder  and  the  laser-diode 
(he 

Three  failure  mechanisms  (ix.  Mure  mechanisms  m2. 
3.  and  4,  which  affect  10%  of  the  devices  of  MsslA 
and  70%  of  the  devices  of  Man.B)  are  directly 
associated  with  in  increase  of  the  therms!  resistance. 


The  Rth-increase  caused  no  evident  panmetric  drift  of 
the  laser-diode  die  (e.g.  threshold-voltage  or  series- 
resistance  increase)  but  directly  affected  the  external 
efficiency  of  the  module,  in  consequence  of 
mechanical  displacement  of  the  laser  dfrMfg  die 
or  of  the  heat-sink.  These  two  forms  of  displacement 
(which  have  different  causes)  change  the  alignment 
between  the  laser  diode,  the  lens  and  the  fiber-tip.  and 
consequently  change  the  external  efficiency  of  the 
User  diode  module,  which  in  some  case  could  also 
notably  increase. 

Thus,  the  thermal  resistance  proved  to  be  an  efficient 
parameter  to  monitor  the  reliability  of  laser-diode 
modules,  since  the  it  may  put  into  evidence  the 
presence  of  a  latent  failure  mechanism  inside  those 
modules  which  apparently,  relying  on  the  external- 
efficiency  only,  are  not  functionally  degrading  or. 
even,  paradoxically,  are  functionally  improving. 
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Fig.la  External  efficiency  drift  during  test  program  IB  (-  40/+85°C)  of  Man.A  . 
The  external  efficiency  decreases  almost  monotonically  with  the  number  of  cycles. 


Man.B,  TP  IB,  -40  /+85  °C 


Fig.4  SEM  image  of  the  cracked  lens  bolder.  This  is  the  main  failure 
mechanism  observed  in  the  laser-diode  modules  of  Man.  A . 


Fig.5  SEM  image  of  the  gap  between  the  die  and  the  bonding  pad  on  the 
heat-sink,  which  caused  a  large  R*  increase.  This  is  the  second  failure 
mechanism  observed  in  the  laser-diode  modules  of  Maa.A.  The  thermal 
resistance  of  this  device  (#  A22)  increased  from  40.8  °C/W  up  to  63.8  °C/W. 
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Flf4  SEM  image  of  die  peeled-oiT  dielectric  layer  of  the  device  #B13.  The 
thermal  resistance  of  this  laser  diode  has  increased  from  14.7  °C/W  up  to 
27.9  °C/W.  The  die  promptly  lifts-off  from  the  heat-sink  after  applying  a 
small  shearing  force  by  a  pointed  wooden  tooth-pick.  This  is  the  main  failure 
mechanism  of  Man. B . 


Fig.7  SEM  image  of  the  lifted  heat-sink  because  of  poor  bonding  This  is  the 
second  failure  mechanism  of  Man.  B.  The  initial  R*  value  of  this  device 
(«B9)  was  already  extremely  high,  and  has  increased  from  36.4  °C/W  up  to 
53-2*CyW(+46%). 
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Fig  J  SEM  image  of  die  short-circuited  laser  diode  because  of  interaction 
between  solder  nd  die.  This  is  the  third  failure  mechanism  of  Man.B.  This 
laser  diode  (•  B23)  had  already  a  very  high  leakage  current  before  thermal 
cycling. 


test 

program 

1A 

IB 

2 

3 

temperature 

-40  /+70  *C 

-40  /+85  *C 

-10MO«C 

0/+50°C 

range 

DUTa 
Man  A 

10* 

10* 

10* 

10* 

Man  B 

10* 

10* 

10* 

10* 

dwell  time 

3  hours 

3  hours 

3  hours 

14  hours 

#  of  cycles 

D 

mm 

2200 

5000 

test  after 
[100  cycles] 

i 

0.5;  1;  3 

- 1 

0.5;  1;  3 

1:5;  10 

5;  10;  20 

(*  5  devices  with  fiber  connector) 


Tab.1  Temperature-cycling  stress  test 
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ABSTRACT 

A  high  decrease  in  optical  power  and  a  strong  blue  shift  have  been  observed  in 
InGaAs/GaAs  strained  quantum  well  gain  guided  lasers  failed  during  aging  tests.  The 
degradation  of  the  front  facet  and  the  consequent  formation  of  a  dark  spot  defect  close  to  the 
minor  have  been  evidenced  with  infrared  and  scanning  optical  microscopy. 


1.  INTRODUCTION 

The  high  power  InGaAs/GaAs 
strained  quantum  well  (QW)  lasers  are 
suitable  in  many  fields  of  power  application, 
for  example  as  pump  sources  for  solid  state 
lasers  or  fiber  amplifiers.  A  high  stability  of 
the  pumping  wavelength  and  a  high  output 
power  are  the  main  requirements  for  long¬ 
term  reliable  devices  [1].  In  many  cases 
these  are  critical  points  because  the  electro- 
optical  characteristics  can  be  easely  degraded 
by  different  failure  mechanisms  occuring  at 
facet  or  bulk  level  into  the  device  st  cture. 

Despite  the  enhanced  catastrophical 
optical  damage  (COD)  level  (>20  MW/cm^) 
reported  by  some  authors  [2]  in  comparison 


to  the  AlGaAs/GaAs  lasers,  these  devices 
can  still  suffer  for  strong  degradation 
mechanisms  developing  on  the  mirrors.  As 
an  example,  during  aging  tests  in  constant 
output  power  mode,  a  gradual  degradation 
of  0.98  pm  lasers  due  to  facet  oxidation  has 
been  observed  by  Okayasu  et  al  [3]. 

In  the  present  work  it  is  reported  a 
study  on  high  power  InGaAs/GaAs  strained 
QW  gain  guided  lasers  suffering  for  rapid 
degradation  during  step  stress  tests 
performed  in  the  constant  current  mode.  The 
pronounced  changes  in  the  electro-optical 
characteristics  have  been  analyzed  and  the 
degradation  mechanisms  highlighted. 
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2.  EXPERIMENTAL 

The  devices  under  study  are 
prototypes  of  high  power  InGaAs/GaAs 
strained  quantum  well  lasers  with  a  gain 
guided  confining  structure  and  a  50  pm 
stripe.  The  output  power  is  300  mW  at  an 
operating  current  ranging  from  550  to  600 
mA 

The  electro-optical  characterization  has 
been  performed  at  different  temperatures 
obtaining  forward  and  reverse  current- 
voltage  (I-V)  curves,  light-current  (L-I) 
characteristics  and  derivative  and  optical 
spectra  under  different  operation  currents. 

After  electro-optical  measurements, 
the  lasers  have  been  operated  in  a  costant 
current  mode  during  a  step  stress  test  of 
about  2000  h.  The  test  temperature  has  been 
increased  from  25  °C  to  50°C  with  steps  of 
5°C  and  the  operating  current  changed  from 
650  to  850  mA  with  steps  of  50  mA,  in 
order  to  keep  the  output  power  always  close 
to  the  maximum  rating.  The  failure  criteria 
imposed  was  the  reduction  of  50%  or  more 
of  the  emitted  optical  power. 

The  failed  devices  have  been  analyzed 
with  investigative  techniques  based  on 
infrared  microscopy,  scanning  electron 
microscopy  (SEM)  and  scanning  optical 
microscopy  (SOM),  which  offer  different 
approaches  to  the  problem  of  identification 
and  localization  of  crystallographic  defects 
into  the  device  structure  [4],  In  particular. 


after  adequate  preparation,  the  lasers  have 
been  analyzed  on  the  front  facet  and  from 
the  n-  or  p-side  in  the  electroluminescence 
(EL),  electron  beam  induced  current 
(EBIC),  optical  beam  induced  current 
(OBIC)  and  photoluminescence  (PL) 
modes. 

3.  RESULTS 

3.1  Aging  tests  and  characterization 

The  devices  suffered  from  rapid 
degradation  occuring  at  different  steps  of  the 
aging  test 

The  light-current  characteristics  for 
strongly  degraded  devices,  i.e.  for  lasers 
having  a  reduction  in  optical  power  higher 
than  50%,  showed  a  strong  increase  in 
threshold  current  and  a  relevant  loss  of 
quantum  efficiency,  as  reported  in  Fig.  1.  A 
kink  can  be  seen  in  the  L-I  curve  obtained 
after  failure. 


Fig.l-  L-I  curve  before  and  after  step  stress 
for  a  strongly  degraded  laser. 
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Also  the  optical  spectrum  changed  and 
new  emission  peaks  at  lower  wavelengths 
appeared.  Their  intensities  were  directly 
connected  to  the  degradation  level,  as  visible 
in  Fig.  2  for  a  weakly  and  a  strongly 
degraded  laser.  Both  the  spectra  have  new 
peaks  at  shorter  wavelengths,  corresponding 
to  an  increase  in  the  energy  levels  transition 
of  about  60  meV.  Anyway,  in  the  first  case 
the  most  intensive  peaks  are  still  at  the 
original  wavelengths,  while  in  the  second 
one  the  most  intensive  peaks  are  blue 
shifted. 


• Fig.2  -  Optical  spectrum  for  a)  a  weakly  and 
b)  a  strongly  degraded  laser. 


Optical  spectra  obtained  on  different 
points  of  the  emitting  area  have 
demonstrated  that  this  phenomena  is  not 
spatially  dependent.  On  the  contrary,  it  is 
clearly  linked  to  the  level  of  injected  current 
In  fact,  the  kink  in  the  L-I  characteristics  is 
directly  connected  to  the  appearance  of  the 
wavelength  shift  as  visible  in  Fig.  3. 


Fig.3-  L-I  and  optical  spectra  before  (400 
mA)  and  after  (490  mA)  kink. 


Furthermore,  changes  in  power 
emission  appeared  when  the  lasers  front 
facet  was  chemically  treated.  The  L-I  curve 
of  a  failed  device  after  mirror  treatment 
shows  a  power  recovery  of  one  order  of 
magnitude. 

3.2  Failure  analysis 

The  EL  analysis  on  the  facet  of 
strongly  degraded  devices  showed  the  total 
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a) 


b) 

Fig.4-  EL  from  the  facet  of  a  laser  a)  before 
and  b)  after  strong  degradation 
(1=500  mA). 

absence  of  light  emission  from  the  central 
part  of  the  active  stripe.  An  example  is  given 
in  Fig.  4  showing  the  near  field  image  of 
one  of  these  lasers  before  and  after  failure. 

After  the  opening  of  an  optical 
window,  the  n-side  analysis  has  been 
performed.  It  highlighted  the  presence  of  a 
large  dark  spot  defect  (DSD)  just  close  to  the 
front  facet  of  the  lasers.  As  an  example,  the 
electroluminescence  (EL)  image  from  the  n- 
side  reported  in  Fig.  5  shows  one  of  these 
defects,  which  act  as  strong  non-radiative 
recombination  centers  for  the  electron-hole 
couples  present  in  the  QW  layer  and  in  its 
confining  structure. 

This  result  has  been  confirmed  by  the 
OBIC  analysis  performed  with  a  selective 
excitation  of  the  active  layer.  Fig.  6  is  the 
OBIC  image  of  another  DSD  obtained  using 
a  980  nm  excitation  wavelength. 

Finally,  some  devices  have  also  been 
detached  from  their  submount,  soldered  p- 


Fig.5-  EL  (3  mA)  from  the  n-side  of  a  failed 
laser.  A  DSD  is  visible  near  the  front 
facet. 


Fig.6-  OBIC  (980  nm)  from  part  of  the 
active  stripe  of  a  failed  laser.  A  DSD  is 
present  near  the  from  facet.. 


side  up  on  another  carrier  and  electrically 
bonded  in  order  to  perform  a  p-side  analysis 
with  a  scanning  electron  microscope.  The 
obtained  images  give  a  further  evidence  of 
the  presence  and  position  of  the  dark  spot 
defect  Fig.  7  is  an  EBIC  image  at  35  kV, 
where  a  large  defective  area  is  visible  near 
the  front  facet 


248 


Fig.7-  EB1C  (35kV)  from  part  of  the  active 
region  of  a  failed  laser.  A  large  dark 
area  near  the  front  facet  is  visible. 


4.  DISCUSSION 

As  already  discussed,  the  electro-optical 
characterization  gives  the  indication  of  a 
strong  reduction  in  optical  power  for  most 
of  the  failed  lasers,  which  is  accompanied 
by  a  relevant  increase  in  threshold  current 
and  a  blue  shift  in  wavelength  emission. 
There  has  also  been  the  evidence  that  the 
new  peaks  are  not  spatially  but  current 
dependent,  occuriug  at  a  precise  current 
level  and  increasing  while  enhancing  it. 

The  chemical  treatment  of  the  front 
facet  and  the  failure  analysis  reveals  the 
presence  of  a  mirror  degradation,  which 
spreads  into  the  inner  part  of  the  cavity 
producing  the  dark  spot  defects  observed. 
The  dimensions  of  these  defects  seem 
directly  connected  to  the  degradation  level, 
suggesting  the  idea  that  they  can  strongly 


suppress  the  lasing  performances  of  the 
devices. 

The  mirror  losses  can  cause  an 
increase  in  threshold  current  and  a  lowering 
in  the  emission  wavelength,  as  reported  also 
by  other  authors  [5].  In  this  particular  case, 
the  change  of  about  60  meV  in  the  energy 
levels  transition  could  correspond  to  the 
shift  from  the  fundamental  n=le-hh 
transition  to  an  higher  energy  trai  silion. 
This  transition  is  favoured  by  the  changes  in 
the  optical  cavity  occured  after  degradation, 
which  cause  a  gain  saturation  of  the  lower 
energy  transition  for  a  definite  current  value. 


5.  CONCLUSION 

High  power  InGaAs/GaAs  strained 
QW  lasers  have  been  suddenly  degraded  in  a 
step  stress  test.  The  failure  mode  was  a 
dramatic  increase  in  threshold  current  and  a 
blue  shift  in  the  optical  spectrum.  The 
changes  in  the  electro-optical  characteristics 
were  caused  by  mirror  degradation,  which 
favoured  an  higher  energy  transition. 
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ABSTRACT 


Reliability  demonstration  for  GaAs-based 
pump  lasers  is  one  of  the  key  issues  for 
large  field  deployment  of  Erbium  Doped 
Fiber  Amplifiers  (EDFAs)  working  at  980 
nm. 

To  that  purpose,  a  long  term  reliability 
experiment  has  been  designed  and 
performed,  allowing  for  measurement  of 
very  low  degradation  rates  at  operating 
conditions. 

So  far,  these  results  demonstrate  the 
suitability  of  980  nm  lasers  as  reliable 
pumping  sources  for  telecom  application. 


1)  INTRODUCTION 

In  the  last  years  the  increasing  request  for 
advanced  telecomunication  services 
(ISDN,  CATV,  long-haul  links)  has 
boosted  an  impressive  technological 
breakthrough  in  the  field  of  optical 
transmission.  New  systems  operating  at 
very  high  bit  rates  (1.2  or  2.4  Gb/s)  are 
now  available  as  commercial  units,  while 
optical  transmitters  at  even  higher 
bit-rates  (20-40  Gb/s)  have  already  been 
demonstrated  in  the  laboratory. 

Either  in  the  long-haul  trunk  connections 
or  in  the  local  distribution  environment  the 
start  of  the  technology  revolution  has 
been  made  possible  by  the  appearance  of 
active-fiber  devices,  which  nave  given  a 
definitive  answer  to  the  problem  of 
all-optical  compensation  of  fiber  losses 
and  pit-rate  transparency.  Erbium-doped 
fiber  amplifiers  (EDFAs),  demonstrated  as 
practical  components  of  telecomunication 


links  in  the  second  half  of  the  eighties, 
have  gained  universal  acceptance  among 
the  telecommunication  system  designers, 
outperforming  any  alternative  approach  to 
optical  regeneration  in  the  1.5  micron 
band. 

The  availability  of  an  efficient  gain 
medium  has  been  the  basis  for  the  rapid 
development  of  EDFA  technology.  In  its 
basic  form  (Fig.  1 )  the  optical  amplifier  is 
made  of  three  fundamental  components:  a 
pump  source,  an  active  fiber,  and  a 
specialized  device  able  to  multiplex  on  the 
same  fiber  the  signal  and  the  pump. 


PUMP  LAtCfl  M9  me 


Fig.  1  :  Typical  structure  of  an  Er-doped 
fiber  amplifier. 

The  operation  at  980  nm,  the  best 
wavelength  in  terms  of  performance,  has 
been  made  possible  in  the  recent  years 
after  a  large  development  work  on  the 
pump-lasers;  these  devices  feature  high 
coupled  optical  power  (50-80  mW)  with 
low  operating  current  (<200  mA)  and  good 
spectral  stability. 

The  structure  that  allows  to  reach  these 
characteristics  is  based  an  InGaAs 
Quantum  Well  (QW)  active  layer,  with 
asymmetric  facet  coating,  enabling  high 
power  emission  from  the  front  facet; 
vertical  confinement  is  providedby  AJGaAs 
GRIN  layers. 


251 


Given  the  extremely  high  optical  power 
density  (»10  e  6  W/cm*)  it  is  quite 
obvious  that  reliability  is  a  crucial  issue, 
mainly  associated  with  Catastrophic 
Optical  Damage  (COD)  at  the  facets  (see 
for  example  [1])  several  works  nave 
addressed  this  problem,  which*  can  be 
solved  by  means  of  appropriate  facet 
treatment  before  coating  12]  or  by  use  of 
InGaP  cladding  layers  [3]  due  to  better 
surface  recombination  characteristics  with 
respect  to  AIGaAs. 

The  influence  of  Dark  Line  Defects 

g>LDs),  that  are  quite  common  to 
aAs-based  devices,  seems  to  be  greatly 
reduced  by  the  presence  of  Indium  in  the 
active  area  [41  and  they  can  anyway  be 
avoided  by  optimized  growth  and  process 
control  [5] 

In  this  work,  we  will  present  the  results  of 
reliability  tests  performed  under  moderate 
stress  conditions,  with  the  goal  of 
assessing  long  terfn  degradation  behavior 
at  operating  conditions;  tentative 
accelerating  factors  for  power  and 
temperature  dependence  will  also  be 
derived. 

Short  term  experiments  on  instantaneous 
COD  will  be  briefly  discussed. 

2)  DEVICE  CHARACTERISTICS 

We  have  tested  commercially  available 
pump  lasers  produced  during  1992, 
sealed  in  metal  TO  package  with  glass 
window  and  back  facet  monitor  dioae;  a 
typical  CW  characteristic  is  shown  in 
Figi,  where,  the  normal  operating 
conditions  are  indicated  (150  mw  front 
facet  power  at  180  mA  driving  current); 
the  capability  for  single  mode  operation 
up  to  very  high  power  is  also  shown  in  the 
figure 

When  operating  under  CW  conditions  in 
Junction-down  configuration,  these 
devices  can  work  up  to  1 A  (500  mW 
maximum  power)  without  snort  term 
degradation;  much  higher  power  can  be 
reached  under  low  duty  cycle  operation, 
avoiding  thermal  effects  (Fig.3). 

3)  TEST  CONDITIONS 

120  Lasers  are  being  tested,  under  4 
different  power/temperature  conditions,  as 
reported  in  Tab.l;  tests  are  running  in  APC 
mode  (Automatic  Power  Control)  with 
individual  feedback  circuits  that  keep 
optical  power  constant  by  means  of  the 
bach  facet  monitor  current. 


Fig.  2  :  Optical  power  versus  current  and 
output  spectrum  for  a  typical  980  nm  laser 
diode. 


°Ptlcal  po^0r  versus  current 
for  a  980  nm  laser  subjected  200  to  ns 
current  pulses  at  10000  Hz. 


Laser  Q.ty 

Conditions 

(mwrc) 

Test  time 
(Khrs) 

40 

50/25 

10,8 

20 

50/50 

10,2 

20 

100/25 

10,5 

40 

120/70 

9.8 

Tab.  I :  Test  conditions 
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Continuous  monitor  of  the  operating 
current  is  performed  and,  periodically,  a 
complete  electro-optical  characterization 
is  taken,  including  Power/CuiTent/Volatge 
curve  and  spectral  characteristics  versus 

TOsfconditions  were  intentionally  chosen 
not  to  be  particularly  severe,  as  we 
wanted  to  investigate  gradua,  degradation 
that  can  be  hidden  at  extreme  conditions 
by  specific  failure  mechanisms. 

A  quite  conventional  failure  critenon  of 
25%  increase  of  driving  current  was 
used,  that  can  be  arbitrary  changed,  due 
to  the  good  linearity  observed  in  the 
degradation  of  the  lasers  under  test.  No 
device  has  actually  reached  the  failure 
criterion,  so  that  reliability  estimation  is 
based  on  linear  extrapolation, 

As  the  degradation  rates  can  be  very  low, 
calculations  are  made  by  averaging  the 
current  for  each  individual  laser  over  50 
hours  in  order  to  eliminate  spurious 
effects  from  measurement  resolution  and 
repeatibility.  ^  „ 

Besides  long  term  tests,  characterization 
up  to  very  high  current  was  performed,  to 
assess  device  robustness  against 
instantaneous  COD. 


Cycle  #55 
Cycle  #45 
Cycle  #35 
Cycle  #25 
Cycle  #15 
Cycle#! 


Fig.  4:  CW  optical  power  versus  current 
for  a  980  run  laser  diode  cycled 
repeatedly  to  750  mA 


4)  TEST  RESULTS 
4.1  Instantaneous  COD 


This  test  was  performed  on  devices 
mounted  junction  up,  by  ramping  up  the 
current  to  750  mA 


As  shown  in  Fig.4  the  devices  can 
undergo  numerous  overdrive  cycles 
without  a  change  in  operating 
performance.  The  laser  reaches  a 
maximum  output  power  level  of  300  mW 
at  a  current  level  of  -450  mA  A  further 
increase  in  current  causes  the  output 
power  to  drop  to  zero  at  -750  mA  dnve 
level  due  to  overheating  of  the  chip. 
However,  by  reducing  the  current,  the 
laser  will  be  able  to  retrace  its  initial 
power  versus  current  curve.  Selected 
lasers  have  been  cycled  over  1 ,000  times, 
under  these  conditions. 


4.2  Long  term  tests 

So  far  the  devices  have  been  operating 
for  approximately  10,000  hours  with  slight 

Parame tic  degradations,  as  reported  in 
ig.5;  the  degradation  behavior,  when 
measurable,  fits  quite  well  a  linear  law  so 
that  finear  estrapolation  was  used  up  to 
25%  degradation. 

As  previously  reported,  we  averaged  the 
current  for  each  laser  over  50  hours  in 
order  to  smooth  perturbations.  Moreover, 
we  did  not  consider  very  low  dedradation 
rates  which  are  below  the  measurement 
resolution,  and  therefore  can  impact  the 
reliability  estimation  by  introducing  scatter 
into  the  data  (in  practice  we  did  not 
consider  any  extrapolated  failure  time 
exceeding  10  e  6  hours). 

At  the  end,  the  data  were  fitted  to  a 
lognormal  law,  yielding  the  results  of  Tab. 


Conditions 

(mWrc) 

MTF  (Khrs) 

Standard 

variation 

SO/25 

6x10* 

2 

50/50 

3x10* 

1,« 

100/25 

5.4  X 10* 

1 2 

120/70 

22%  10* 

1,5 

Tab.ll: 

Extrapolated  lognormal  parameters 
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Fig.  5:  Percentage  driving  current 
variation  at  the  four  test  conditions. 


These  data  can  be  evaluated  in  order  to 
get  accelerating  factors  for  optical  power 
and  temperature;  it  is  better  to  use  active 
area,  rather  than  heatsink,  temperatures 
because  the  variation  in  drive  currents  for 
each  to  do  that,  it  is  better  to  use  actual 
active  area  temperature  because  driving 
current  for  eacn  of  the  4  sets  of  test 
conditions  will  produce  differences 
between  the  laser  active  areas  and 
heatsink  temperatures. 

For  junction  down  devices,  we  can  the 
use  a  value  of  35*40CC/W  junction  to 
case  thermal  resistance,  along  with  the 
results  of  Table  II  to  extract  acceleration 
factors  consistent  with  the  following 
model. 


MTF = P~°txp  (EalKT) 

where  a*  1/2  and  Ea  -  0.35  *  0.45  eV 
The  small  Arrhenius  type  activation 
energy  and  power  law  exponent  give  a 
dear  indication  of  weak  dependence  of 
laser  degradation  rate  on  temperature  and 
power  (at  least  in  the  considered  range). 
The  penodic  complete  electro-optical 
characterization  gave  no  other  indication, 
of  laser  degradation;  in  particular  spectral 
measurements  remained  stable  over  the 
test 

Finally  random  catastrophic  failures 
occurred;  with  no  correlation  with 
parametric  degradation;  some  of  these 
failure  have  been  clearly  inferred  by 
external  events,  such  as  computer  failure 
or  handling;  excluding  these  cases,  the 
failures  came  from  the  same  wafer,  posing 
the  question  of  better  screening 
procedures. 

5)  DISCUSSION  AND  CONCLUSIONS 

Long  term  degradation  behaviour  of  980 
nm  laser  diodes  has  been  evaluated  by 
operating  lifetests  at  moderate  stress 
level;  so  far  the  results  indicate  that  a 
degradation  mechanism  is  present,  with 
low  linear  degradation  rate. 

The  dependence  of  this  phenomenon:  on 
both  optical  power  and  temperature  is  low, 
in  accordance  with  previously  reported 
results;  nevertheless,  extrapolation  to 
normal  operating  conditions  (P=  120+150 
mW,  Timr  =  25*C  with  Peltier  cooling) 

C'  'Is  a  median  life  well  exceeding  10  e.6 
rs  even  with  a  tight  failure  criteria  of 
25%  increase  of  the  driving  current. 
Therefore,  it  is  possible  conclude  that 
long  term  degradation  is  not  a  limit  for 
operational  reliability  of  980  nn  pump 
lasers. 

Regarding  COD,  a  brief  characterization 
was  earned  out  to  assess  robustress 
against  current  ramp:  devices  mounted  in 
junction  up  configuration  showed 
thermally  limited  behaviour,  without 
catastrophic  degradation  up  to  300  mA 
and  recoveiy  of  initial  characteristics 
when  ramped  several  times  up  to  750  mt. 

Still,  a  better  comprehension  has  to  be 
gained  about  long  term  COD:  based  on 
the  cases  we  have  observed  during  our 
lifetests,  a  work  is  in  progress  trying  to 
find  out  if  this  phenomenon  can 
significantly  be  reduced  by  proprer 
screening. 
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INFLUENCE  OF  PACKAGE  ATMOSPHERE  ON 
980nm  HIGH  POWER  CHIP  RELIABILITY 

Peter  Whitney,  David  Darby,  Laurie  Scheffel,  Dale  Flanders,  Lasertron,  Inc. 
Reinhard  Pusch,  Alcatel  SEL 


Recent  advances  in  the  development  of  high 
power  980nm  QW  laser  diodes  have  allowed  the 
production  of  reliable  devices  of  this  type  operating 
at  over  lOOmW  of  ex-facet  optical  power.  Substantial 
data  now  exist  which  demonstrate  that  the  sudden 
failure  of  devices  due  to  catastrophic  optical  mirror 
damage  (COMD)  can  be  eliminated  (Refs  1,2).  The 
available  data  are  largely  based  on  lifetests  of  laser 
chips  performed  in  ambient  atmosphere,  and  very 
little  data  has  been  presented  on  the  reliability  of 
these  devices  in  sealed  hermetic  modules.  On  the 
other  hand,  it  is  well  known  that  high  power 
semiconductor  lasers  can  be  degraded  in  the 
presence  of  hydrocarbons  in  hermetic  atmospheres, 
which  has  led  researchers  to  propose  incorporation 
of  dry  oxygen  in  hermetic  modules  (Refs  3,4). 

In  this  paper,  we  report  experimental  results 
on  the  effect  of  the  ambient  environments  on  the 
reliability  of  high  power  980nm  laser  diodes.  It  is 
demonstrated  that  trace  organic  contaminants  within 
a  sealed  laser  module  can  lead  to  sudden  failure  of 
the  laser  diode  in  the  absence  of  oxygen.  It  is 
confirmed  that  oxygen  in  the  module  atmosphere  can 
prevent  this  effect  and  result  in  reliable  operation. 

'Standard*  laser  modules  used  in  this  study 
are  sealed  in  dry  nitrogen  and  typically  contain 
organic  contamination  levels  below  lOppm,  as 
determined  by  residual  gas  analysis.  Our  lifetest 
studies  on  such  modules  reveal  a  failure  rate  in  the 
first  few  thousand  hours  which  is  significantly  higher 
than  that  predicted  from  'chip-on-carrier'  lifetest 
studies  conducted  in  air.  Such  module  failures  are 
typically  preceded  by  a  period  in  which  the  rear  facet 
power  increases  with  time,  while  the  front  facet 
power  decreases,  as  shown  in  Figure  L  The  change 
in  the  front-to-back  ratio  of  optical  power  is  an 
indication  that  the  facet  reflectivity  is  changing  over 
time,  and  it  is  hypothesized  that  this  change  is 
caused  by  the  accumulation  of  nonvolatile  deposits 
on  the  facet  during  operation. 

We  have  performed  a  series  of  experiments 
intended  to  support  the  above  hypothesis.  The  first 
experiment  involves  the  intentional  contamination  of 
the  front  facet  of  the  laser  diode  with  carbon, 
accomplished  by  exposing  the  laser  front  facet  area 
to  a  30kV  electron  beam  in  a  vacuum  chamber  using 
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Figure  I  -  Example  of  pump  laser  module  lifetest 
failure  using  N.  sealing  atmosphere.  The  curves  show 
the  change  in  back  facet  monitor  current  (Im)  and 
fiber  coupled  power  (Po)  over  time. 


an  electron  microscope.  Such  exposure  is  known  to 
deposit  trace  carbon  contamination  due  to  break 
down  of  residual  organics  in  the  vacuum  chamber. 
The  device  is  then  placed  in  a  vacuum  chamber  with 
a  controllable  atmosphere  where  it  can  be  operated 
while  monitoring  the  rear  facet  power  with  an  in-situ 
large  area  detector. 

After  performing  the  electron  beam 
exposure,  we  observe  an  increase  in  the  rear  facet 
power  of  the  laser,  similar  to  that  discussed  above  in 
'standard*  laser  modules.  Subsequent  operation  of 
the  device  in  the  absence  of  oxygen  results  in  little  or 
no  additional  change  in  rear  facet  power.  However, 
introduction  of  oxygen  into  the  ambient  while  the 
device  is  operating  results  in  an  immediate  and  rapid 
decrease  in  the  rear  facet  power,  indicating  the 
decomposition  and  removal  of  the  facet 
contamination.  Continued  operation  of  the  device 
eventually  results  in  a  return  to  the  original 
condition. 

Figure  2  shows  the  relative  change  in  the 
back  facet  power  as  a  function  of  time  under  various 
oxygen  levels  and  drive  currents.  The  fact  that  the 
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Figwe  2  -  Change  in  back  facet  power  as  a  function  of 
time  for  a  contaminated  980nm  laser  under  various 
ambient  atmospheres. 


5  OXYGEN  IN  NITROGEN 


Figue  3  -  Dependence  of  decontamination  rate  on 
oxygen  concentration. 


recovery  process  occurs  only  in  the  presence  of 
oxygen  and  only  if  the  device  is  actually  operating  is 
indicative  of  a  photo-  and/or  thermally-induced 
reaction  process  between  oxygen  and  the 
carbonaceous  deposit 

Figure  3  shows  the  relative  reaction  rate  for 
this  process  as  a  function  of  oxygen  concentration. 
The  decontamination  rate  shows  approximately  a 
square  root  dependence  on  oxygen  concentration  and 
proceeds  quite  rapidly  even  oxygen  levels  as  low  as 
1%. 

We  have  also  demonstrated  this  effect  by 
intentionally  contaminating  pump  laser  modules  with 
a  drop  of  isopropyl  alcohol  just  before  lid  sealing. 
Contaminated  modules  of  this  type  were  sealed  in 
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Figure  4  -  Lifetest  comparison  for  intentionally 
contaminated  modules  with  and  with  20%  02  in  lid 
sealing  atmosphere. 


dry  nitrogen  with  and  without  20%  oxygen  and  were 
subsequently  placed  under  operation  while 
monitoring  the  back  facet  power. 

Modules  sealed  without  oxygen  showed 
extremely  unstable  operation  and  eventually  failed 
within  the  first  few  hundred  hours  of  operation.  On 
the  other  hand,  modules  sealed  with  oxygen 
exhibited  veiy  stable  operation  and  showed  no  sign 
of  degradation  even  after  5000  hours.  The  results, 
shown  in  Figure  4,  clearly  demonstrate  that 
incorporating  oxygen  to  the  laser  modules  can 
suppress  the  facet  contamination  process  even  with 
abnormally  high  residual  contamination  levels. 

In  conclusion,  we  have  directly  observed  the 
effect  of  organic  contamination  on  the  facets  of 
980nm  laser  diodes  and  have  shown  that  such 
contamination  can  produce  failures  in  hermetically 
sealed  modules.  We  have  shown  that  oxygen  can 
effectively  reverse  the  facet  contamination  process 
and  that  reliable  operation  of  hermetic  modules  is 
possible  by  incorporating  oxygen  in  the  module 
atmosphere. 

The  authors  would  like  to  acknowledge  the 
assistance  of  Gianni  Pinelli  and  Scott  Solimine  in 
carrying  out  the  experiments. 
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ABSTRACT 

This  paper  describes  experimental  results  which 
demonstrate  the  existence  of  reliability  problems 
due  to  hot-carriers  in  GaAs  MESFET’s,  Al¬ 
GaAs/GaAs  HEMT's  and  AlGaAs/InGaAs  pseudo- 
morphic  HEMT's.  Both  permanent  and  recoverable 
changes  of  Id,  gm  and  Vp  have  been  observed,  due 
to  different  mechanisms  such  as:  (a)  trap  creation 
and  electron  trapping  in  the  drain  access  region,  pos¬ 
sibly  at  the  passivation/surface  interface,'  (b)  trap 
creation  and  electron  trapping  under  the  gate,  pos¬ 
sibly  at  the  donor/ channel  interface;  (c)  thermally- 
activated  or  recombination-induced  detrapping  of 
electrons  from  deep  levels. 

1.  INTRODUCTION 

As  device  dimensions  are  scaled  down  in  the 
deep  submicrometer  region,  hot-electron  phenomena 
markedly  influence  their  electrical  characteristics;  in 
particular,  the  design  of  optimized  power  microwave 
High  Electron  Mobility  Transistors  (HEMT’s)  re¬ 
quires  a  detailed  evaluation  of  impact-ionization  ef¬ 
fects,  in  order  to  obtain  high  values  of  breakdown 
voltage,  and  to  improve  the  output  power.  Device 
breakdown  (often  accompanied  by  burn-out)  is  only 
the  most  dramatic  effect  of  impact  ionization;  in¬ 
crease  in  noise  power,  kinks  in  the  I-V  characteris¬ 
tics,  and  increase  in  gate  current  are  other  undesired 
effects  which  must  be  controlled  in  order  to  obtain  a 
reliable  operation  of  devices. 

In  Si  MOS  transistors,  hot-electron  effects  induce 
reliability  problems  due  to  electron  and  bole  trap¬ 
ping  in  the  Si02  gate  oxide  and  to  the  genera¬ 
tion  of  interface  traps.  These  degradation  mech¬ 
anisms  are  not  present  in  GaAs-based  Field  Ef¬ 
fect  Transistors,  which  obviously  do  not  adopt  a 
MOS  structure;  unfortunately,  several  other  fail¬ 
ure  mechanisms  can  be  originated  by  hot  carri¬ 
ers  due  to  degradation  of  the  GaAs  surface,  to 
the  generation  of  deep  levels  under  the  gate  and 
in  the  drain  access  region,  to  trapping/detrapping 
phenomena  on  pre-existing  deep  levels.  The  aim 


of  this  paper  is  to  describe  experimental  results 
which  demonstrate  the  existence  of  reliability  prob¬ 
lems  due  to  hot-carriers  in  GaAs  MESFET’s,  Al- 
GaAs/GaAs  HEMT’s  and  AlGaAs/InGaAs  pseudo- 
morphic  HEMT’s  (PM-HEMT’s).  According  to  de¬ 
vice  structure,  technology  and  passivation  the  obr 
served  failure  modes  can  consist  in: 

a)  a  permanent  decrease  of  drain  saturation  cur¬ 
rent  Lj>  and  trnnsconductance  gm  due  to  the  in¬ 
crease  of  the  drain  parasitic  resistance  Rj,  fol¬ 
lowing  trap  creation  and  electron  trapping  in  the 
drain  access  region; 

b)  a  permanent  decrease  of  Lb  due  to  a  decrease 
of  the  absolute  value  of  the  pinch-off  voltage  Vp 
induced  by  trap  creation  and  electron  trapping 
under  the  gate; 

c)  a  recoverable  increase  of  I,i,  and  |Vp|  due  to  de- 
trapping  or  recombination  of  electrons  trapped 
under  the  gate. 

After  having  reviewed  electrical  and  optical  meth¬ 
ods  for  the  characterization  of  impact-ionization  phe¬ 
nomena  in  MESFET’s  and  HEMT’s,  this  paper  will 
describe  the  results  obtained  during  hot-electron  ac¬ 
celerated  tests  of  both  commercially  available  devices 
and  laboratory  test  structures. 

2.  SAMPLES  DESCRIPTION  AND 
CHARACTERIZATION  OF  HOT-ELECTRON 
EFFECTS 

Samples  used  in  this  work  were:  ion-implanted 
GaAs  MESFET’s,  manufactured  by  Alenia  for  this 
study,  commercially-available  S8901  and  S8902  Al- 
GaAs/GaAs  Toshiba  HEMT’s,  and  MGF  4317D 
AlGaAs/InGaAs  pseudomorphic  HEMT’s  manufac¬ 
tured  by  Mitsubishi.  Alenia  MESFET’s  have  been 
fabricated  on  semi-insulating  (100)  GaAs  substrates, 
implanted  with  a  3*Si+  dose  of  5  x  I013  cm'3  at 
100  keV  (channel  implant)  and  with  I  x  I013  cm-3 
at  40  keV  (u+  shallow  implant  for  the  ohmic  con¬ 
tact  regions).  Source  and  drain  ohmic  contacts 
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were  achieved  by  alloying  a  AuGeNi  multilayer  at 
450  °C  for  1  min.,  while  the  0.5  x  300  (imJ  recessed 
gate  electrode  was  based  on  thermally  evaporated 
aluminium.  Next,  SiN  or  SiO  passivating  layers 
were  deposited  on  different  parts  of  the  same  pro¬ 
cessed  wafer.  SiN  was  deposited  by  Plasma  En¬ 
hanced  Chemical  Vapour  Deposition  (PECVD)  at 
13.56  MHz  from  a  gas  mixture  of  SiH,,  NHa  and 
Nj;  the  substrate  temperature  was  250  'C.  SiO  was 
thermally  deposited  from  an  SiO  crucible,  with  the 
GaAs  substrate  at  room  temperature.  The  gate  was 
aligned  to  the  (110)  direction,  in  which  most  MES- 
FET’s  are  fabricated.  The  channel  implant  under 
the  gate  has  a  peak  concentration  of  2  x  1015  cm-2. 
The  MESFET  layout  was  defined  with  gate  length 
Lg  —  0.5  pm,  gate-source  spacing  Lg,  =  0.25  pm, 
and  gate-drain  spacing  Lgd  =  0.25  pm. 

Toshiba  HEMT  S8901  and  S8902  devices  were 
characterized  by  a  recessed  gate  with  gate  length 
Lg  =  0.3  pm  and  gate  width  W  =  200  pm,  and 
by  gate-to-source  and  gate-to-drain  contact  spac¬ 
ing  Lg,  =  0.5  pm  and  Lgd=15pm,  respectively. 
The  heterojunction  is  formed  by  an  AlGaAs  layer, 
5!  30  nm  thick,  on  an  undoped  GaAs  layer,  2;  350  nm 
thick.  An  AlGaAs/GaAs  (approximately  30  nm 
thick)  superlattice  buffer  is  used  for  separating  the 
active  device  from  the  semi-insulating  substrate.  De¬ 
vices  have  recessed  Al/Ti  gates  and  an  n+  GaAs  cap 
layer,  which  is  approximately  60  nm  thick  and  ex¬ 
tends  from  the  gate  edges  to  the  ohmic  contacts. 


Figure  1:  Sketch  of  impact  ionization  phenomenon 
in  HEMT’s 

Mitsubishi  MGF4317D  pseudomorphic  HEMT’s 
adopt  a  420  A  Alo  jGao  gAs  donor  layer  and  a 
150  A  Ino.isGao  sjAs  channel,  Lg  =  0.25  pm  and 
W  =  200  pm.  Fig.  1  shows  the  schematic  cross- 
section  of  an  AlGaAs/GaAs  HEMT  and  identifies 
impact-ionization-induced  currents  lg  and  lb.  When 
the  device  is  operated  in  open-channel  conditions  at 
high  drain-to-source  voltage  Vd.,  electrons  can  reach 
an  energy  sufficient  to  generate  hole-electron  pairs 
due  to  impact-ionization;  the  electric  field  in  the 


channel  separates  the  generated  pairs;  electrons  are 
collected  at  the  drain,  while  holes  are  collected  partly 
by  the  source,  partly  by  the  gate  and  partly  by  the 
substrate,  as  schematically  shown  in  the  figure.  As 
a  consequence,  a  noticeable  increase  in  the  gate  cur¬ 
rent  lg,  exiting  from  the  device,  is  observed,  see  Fig. 
2.  Ig,  due  to  the  impact-ionization  generated  holes, 
is  usually  much  larger  than  the  gate-drain  diode  re¬ 
verse  current  IKdo,  measured  with  the  source  kept 
floating. 


Figure  2:  la  and  I,  characteristics  vs  Vdl  at  fixed  Vt, 
for  a  typical  Toshiba  S8901  AlGaAs/GaAs  HEMT. 
J,do  is  the  gate-drain  diode  reverse  current  measured 
with  the  source  kept  floating. 

Figure  2  shows  the  drain  and  gate  characteristics 
of  a  Toshiba  HEMT  at  different  fixed  values  of  the 
gate-to-source  voltage  Vgl,  with  the  range  of  drain- 
to-source  voltage  Vd,  extending  up  to  6  V.  Notice 
that  ti. :  maximum  drain  voltage  specified  by  the  sup¬ 
plier  for  these  components  is  Vd,  =4  V.  The  gate- 
drain  diode  reverse  current  Igdo  measured  with  the 
source  contact  floating,  is  also  reported.  The  onset  of 
the  “pre-breakdown”  regime  is  marked  by  the  notice¬ 
able  (negative)  increase  of  the  gate  current  Ig,  when 
Vd,  is  moved  beyond  5  V.  The  excess  gate  current 
comes  from  the  collection  of  holes  generated  through 
impact  ionization  by  electrons  drifting  in  the  conduc¬ 
tive  channel  of  the  device  operated  as  a  transistor. 
In  fact,  with  source  floating,  Igdo  remains  negligible 
with  respect  to  lg  in  the  whole  range  of  drain-to- 
gate  voltages  explored.  Moreover  |IK|  increases  go¬ 
ing  from  Vg,  =  -1  to  —0.5  V,  i.e.  decreasing  the 
gate-to-drain  reverse  voltage,  in  opposition  to  what 
expected  if  the  contribution  to  Ig  came  from  gate- 
drain  diode  reverse  current. 

The  increase  in  I(  actually  represents  a  limiting 
factor  for  the  operation  at  high  Vd,-  As  shown  in  Fig. 
3,  a  non  monotonic  behaviour  of  I,  as  a  function  of 
Vg,  is  usually  observed  in  MESFET’s  and  HEMT’s 
when  biased  at  fixed  Vd,  in  impact  ionization  regime. 
Starting  from  pinch-off,  the  increase  in  Ig  is  due  to 
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Figure  3:  lt,  I.  light  intensity  (integrated  over  the 
1.74-3.1  eV  energy  range)  and  )// 1,  la  as  a  function 
ofVt,  with  Vs,  —TV  measured  in  a  Toshiba  HEMT. 
Normalizing  constants  have  been  used  for  graphical 
reasons. 

the  increase  in  Ij,  i.e.  in  the  amount  of  the  highly 
energetic  electrons.  The  subsequent  decrease  in  Ig  is 
due  to  the  following  reasons: 

(a)  the  decrease  of  the  longitudinal  electric  field 
in  the  gate  drain  region  due  to  the  increased 
Vp,  with  consequent  decrease  in  the  impact- 
ionization  rate; 

(b)  the  possible  real-space-transfer  of  electrons  to 
the  gate,  which  gives  rise  to  a  positive  gate  cur¬ 
rent  contribution,  of  opposite  Sign  with  respect 
to  the  hole  current. 

The  measurement  of  the  gate  (and  substrate)  cur¬ 
rent  in  both  MESFET’s  and  HEMT’s  can  be  used  as 
a  tool  to  characterize  impact-ionization  effects  in  the 
channel  of  those  devices.  Hot-carrier  effects  can  be 
also  correlated  with  light  emission;  electrolumines¬ 
cence  spectroscopy  is  therefore  another  way  of  char¬ 
acterizing  hot-electron  phenomena  in  short-channel 
devices.  In  the  following,  we  analyze,  as  a  represen¬ 
tative  example,  the  features  of  the  spectra  emitted 
by  AIGaAs/GaAs  Toshiba  HEMT's. 

Optical  measurements  were  performed  using  the 
experimental  setup  described  in  [1]. 

Spectra  have  been  corrected  for  the  optical  re¬ 
sponse  of  the  components  of  the  apparatus,  for  the 
transmittance  of  the  monochromator  and  for  the 
quantum  efficiency  of  the  phototubes. 

Figure  4  shows  the  photon  energy  distribution 
from  1.1  to  3.1  eV  obtained  in  a  typical  Toshiba  de¬ 
vice  on  increasing  V*.  The  spectra  can  be  divided 


into  three  energy  ranges.  The  first  region  spans  ap¬ 
proximately  from  1.1  to  1.5  eV,  and  is  characterised 
by  a  kink  or  a  peak  at  about  1.4  eV,  in  correspon¬ 
dence  of  the  GaAs  energy  gap.  In  the  second  region, 
from  1.5  to  2.6  eV,  the  experimental  data  fit  an  ex¬ 
ponential  distribution  (dashed  lines).  The  equivalent 
temperatures  of  these  distributions  can  be  evaluated 
from  the  slope  of  the  energy  spectra  and  lie  in  the 
800  4-  2600  K  temperature  range.  Both  the  inten¬ 
sity  of  the  emitted  light  and  the  equivalent  electron 
temperature  increase  on  increasing  drain  voltages.  It 
should  be  stressed,  however,  that  the  emitted  spectra 
most  possibly  result  from  different  emission  contri¬ 
butions,  so  that  the  observed  photon  distribution  can 
not  be  directly  related  to  the  original  electron  energy 
distribution. 


1  1.4  1.8  2.2  2.6  3 
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Figure  4:  Emitted  light  intensity  as  a  function  of  en¬ 
ergy  at  T  =  300  K  at  various  Vj,  and  V„  =  0  V. 
Experimental  data  refer  to  Toshiba  HEMT.  Electron 
temperatures  extrapolated  from  the  slope  of  the  spec¬ 
tra  ( dashed  line )  are  shown. 

The  shape  of  the  spectra  at  high  energy  values 
(hv  >  2.6  eV)  is  distorted  by  light  absorption  in  the 
n+-GaAs  cap  layer,  due  to  the  increase  in  the  GaAs 
absorption  coefficient  taking  place  beyond  2.6  eV. 
The  spectra  does  not  show  the  presence  of  any  peak 
in  proximity  of  1.74-1.8  eV,  i.e.  corresponding  to  the 
value  of  the  energy  gap  of  Al„Gai_xAs  with  x  in  the 
0.2  4-  0.3  range.  The  absence  of  this  peak  suggests 
that  a  detectable  direct  band-to-band  recombination 
does  not  take  place  in  the  AlGaAs  layer.  Since  a 
great  amount  of  holes  are  generated  by  impact  ion¬ 
ization  and  are  collected  at  the  gate  electrode,  thus 
crossing  the  AlGaAs  layer,  this  would  suggest  that, 
st  room  temperature,  AlGaAs  may  have  a  smaller  ra¬ 
diative  recombination  probability  than  that  of  GaAs, 
or  that  very  few  electrons  travel  in  the  AlGaAs  layer. 
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In  order  to  discriminate  the  emission  mechanisms 
of  photons  with  energy  greater  than  E(,  we  inte¬ 
grated  the  light  intensity  Iph  in  the  1.7  3.2  eV  en¬ 

ergy  range  and  analyzed  it  as  a  function  of  Vp.  Fig¬ 
ure  3  shows  |I,|,  Id,  If  x  Id  and  Iph  as  a  function  of 
Vg,  for  a  Toshiba  HEMT  biased  at  Va,  =  7  V.  Iph 
is  proportional  to  the  Is  x  Id  product.  Since  ls  is 
proportional  to  the  hole  current,  while  Id  samples 
the  electron  current,  this  correlation,  which  holds  for 
more  than  five  orders  of  magnitude,  Fig.  5,  suggests 
recombination  as  the  dominating  emission  mecha¬ 
nism  of  high-energy  photons. 


Figure  5:  Linear  dependence  of  light  intensi  g  on  \I,  |- 
li  in  a  Toshiba  HEMT.  The  device  has  been  biased 
as  a  function  ofV for  the  three  V*,  values  reported 
in  the  figure. 


A  theoretical  investigation  of  impact- ionization 
and  associated  light  emission  in  GaAs  MESFET’s 
has  been  published  by  G.  Zandhr  et  al.  [2].  Self- 
consistent  Monte  Carlo  simulations  have  been  used 
for  obtaining  hot  electron  and  hole  distribution  func¬ 
tions;  the  absorption  and  emission  spectra  due  to 
direct  interband  transitions  have  been  calculated 
in  the  framework  of  relativistic  non-local  empirical 
pseudopotential  theory.  Simulations  have  been  per¬ 
formed  on  the  same  Alenia  MESFET  previously  de¬ 
scribed;  the  analysis  shows  that  at  V<u  =  7  V  the 
below-gap  radiation  is  controlled  by  conduction  band 
to  conduction  band  transitions,  while,  above  gap, 
conduction  to  valence  band  recombination  domi¬ 
nates.  This  last  result  is  in  agreement  with  the  corre¬ 
lation  of  the  integrated  visible  light  with  the  product 
of  drain  and  gate  current  above  described. 
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Figure  6:  U  and  /,  vs  Vs,  in  a  typical  AIGaAs/GaAs 
HSMT.  The  curve  at  equal  dissipated  power,  Ps=5f 
m  W,  has  been  superimposed.  A.  and  B.  show  life- 
test  bias  points  /A=  no  hot  electron  regime,  B=hot 
electron  regime). 


3.  AGING  OF  MESFET’S  AND  HEMT’S  DUE  TO 
HOT-ELECTRON  EFFECTS 

3.1.  Permanent  Degradation  of  GaAi,  MESFET’s 
and  AIGaAs/GaAs  HEMT’s  Due  to  Trap  Cre¬ 
ation  in  the  Drain  Access  Region 

In  this  section  we  describe  surface/interface  degra¬ 
dation  effects  due  to  hot-carriers  in  AIGaAs/GaAs 
Toshiba  HEMT’s  and  Alenia  MESFET’s. 

Unpassi  rated  Toshiba  HEMT’s  were  subjected  to 
two  t«ts  of  tests  at  room  temperature. 


TOSHIBA  S8902  AIGaAs/GaAs  HEMT 


Vgs  (V) 


Figure  7:  Ij  and  I,  vs  V,.  at  various  Vs,  in  a  typical 
HEMT  device.  A  and  B  show  life  test  bias  points  at 
equal  dissipated  power. 

The  first  set  was  run  keeping  devices  biased  at  con¬ 
stant  dissipated  power,  Pa  =  54  mW,  as  indicated 
by  points  A  and  8  in  Figs.  6  and  7.  In  this  way  de¬ 
vices  have  the  same  channel  temperature  during  the 
tests,  thus  ruling  out  difference  in  aging  due  to  dif¬ 
ferent  device  self  heating.  The  oper»tinr;  point  A 
(Va,  =  3V,  Vg,  = -0.02  V,  la  =  1  -  -65 


nA)  is  characterizi-d  by  negligible  hot-electron  ef¬ 
fects, 

impact-ionization  and  Ig,  while  in  point  B  (Vd,  =  6 
V,  Vg,  =  -0.41  V,  U  =  9  mA,  If  =  —16.1  pA)  sig¬ 
nificant  impact-ionization  occurs  and  Ig  is  high. 
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Figure  8:  Varialion  of  Id  an d  1 3  a l  ike  Has  point 
daring  stress  test  at  point  A  (no  hot  elections)  and 
B  (hot  electrons). 


■  atio  of  the  tests  is  clearly  detectable. 
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Figure  9:  Percents*/  decrease  of  Id  vs  t  at  Vs,  = 
3  V  and  Vf  =  0  V  during  tests  at  Vg,  =  6.2  V  with 
various  1,/Ig. 


As  shown  in  Fig.  8,  devices  biased  at  point  A 
showed  no  change  in  their  characteristics  even  af¬ 
ter  a  132  hours  life  test,  while  only  79  hrs.  (4740 
mins.)  of  hot  electron  test  in  point  B  induced  a  10% 
decrease  in  drain  current,  as  measured  at  Vj,  =  3  V 
and  Vg,  =  0  V.  The  decrease  in  la  is  accompanied 
by  a  decrease  in  the  impact-ionization-induced  gate 
current  Ig. 


Table  I:  Accelerated  test  at  constant  Vs, 
6.2  V,  AlGaAs/GaAsH  EMTs _ 


v„ 

Id(mA) 

f.(M) 

I./Ia 

x’O-3 

fi.  t  - 

III 

A  U»at 
4000 
min. 

-0.07 

34.85 

-56.30 

1.61 

216 

-1.1 

-0.28 

24.27 

-58. TO 

2.12 

150 

-2 

-0.50 

12.39 

-37.85 

3.05 

77 

-3.6 

-0.76 

5.80 

-19.90 

3.43 

36 

-3.9 

-1.00 

1.28 

-  5.81 

4.54 

7.9 

-5 

-1.20 

0.24 

-1.47 

6.14 

1.5 

-13 

The  second  life  test  set  includes  tests  in  im¬ 
pact  ionization  regime  at  constant  drain  voltage, 
Vd,  =  6.2  V,  at  various  Vg,  in  order  to  obtain  differ¬ 
ent  Is,  Ig,  lg/Id  ratios  and  dissipated  power,  Tab. 
I  and  Fig.  9.  Figure  10  reports  the  percentual  de¬ 
crease  of  Id  measured  at  Vd,  =  3  V  and  V,,  =  0  V 
at  various  steps  during  this  second  set  of  stress  tests. 
The  ratio  Ig/Id  kept  during  each  test  is  also  reported: 
degradation  is  more  rapid  at  increasing  Ig/Id.  The 
percentual  decrease  of  Id  at  a  fixed  time,  4000  mins., 
has  oeen  taken  from  Fig.  9  and  superimposed  to  the 
Ig/Id  ratio  in  Fig.  10.  A  good  proportionality  be¬ 
tween  the  Id  degradation  and  the  corresponding  Ig/Id 
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Fig-.i  -■  10:  It  id  and  the  ratio  It/ld  vs  Vt,  at  Vd,  = 
6.2  V  Thf  percentual  decrease  of  Id  measured  at 
Vd,  =  3  V  and  V,  —  0  V  after  J000  mins,  of  stress 
lest  at  Vg,  —  6.2  V  has  keen  superimposed. 

Figure  11  shows  the  drain  output  characteristics 
of  a  device  before  and  after  hot-electron  stress  (136 
hrs.)  at  Ig/ld  =  3.43  •  10~3.  As  occurs  for  Si  MOS- 
FET’s,  the  damage  induced  by  hot-electrons  is  local¬ 
ized  in  the  gate-drain  region,  and  can  be  interpreted 
in  terms  of  an  increase  in  the  drain  parasitic  resis¬ 
tance,  Fig.  12.  For  example  during  the  accelerated 
test  performed  at  Ig/Id  =  3.43  •  10~s,  we  observed  a 
percentual  increase  of  Rd  by  about  35%  after  8000 
mins..  On  the  contrary,  the  parasitic  source  resis¬ 
tance  remains  constant.  If  the  ouput  characteristics 
of  an  aged  device  are  measured  exchanging  source 
and  drain  electrodes,  the  damaged  region  is  now  in 
series  with  the  source,  causing  an  increase  in  R., 
which  has  a  larger  influence  on  Id,  than  Rd;  the  Id, 
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decrease  observed  in  these  ‘reverse’  conditions  is  ac¬ 
tually  larger  than  that  observed  in  the  ‘normal'  ones, 
as  shown  in  Fig.  13. 
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Figure  11:  Typical  output  characteristics  before  and 
after  1S6  hours  of  stress  test  at  1,/U  —  3.43  •  10~3. 
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Figure  12:  Percentual  increase  of  parasitic  drain  re¬ 
sistance  measured  during  stress  lest  at  Vi,  =  6.2  V 
The  ratio  /,//< |  is  also  reported. 

In  order  to  identify  the  failure  mechanism  induced 
by  hot-electrons,  we  performed  the  analysis  of  the 
frequency  dispersion  of  transconductance.  Figure  14 
shows  normalised  gTO(f)  measured  at  Vj,  =  100  mV 
on  increasing  the  stress  time  at  Ig/I<j  =  3.43  •  10-3. 
Hot-electron  test  induced  a  decrease  of  almost  25% 
in  gm(f)  after  136  hrs.  The  gm(f)  decrease  at  a  fixed 
time  during  various  stress  tests  is  larger  on  increasing 
the  Ig/ld  ratio.  The  decrease  in  transconductance  on 
increasing  frequency  is  normally  attributed  to  the 
presence  of  surface  or  interface  states,  in  gate-drain 
and  gate-source  access  regions  (3).  The  charge  on 
this  states  can  be  modulated  by  Vp,  provided  that 
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Figure  13:  Reverse  output  characteristics,  i.e.  with 
source  contact  exchanged  with  drain,  measured  in  the 
same  device  of  Fig.  11  before  and  after  1SS  hours  of 
stress  test. 

the  period  of  the  modulating  signal  is  long  compared 
to  traps  emission  and  capture  times.  On  increas¬ 
ing  the  frequency,  the  charge  can  not  be  modulated 
anymore,  and  the  transconductance  decreases.  Ac¬ 
cording  to  this  picture,  hot-electron  would  induce  the 
creation  of  surface/interface  states  in  the  gate-drain 
access  region.  This  hypothesis  is  confirmed  by  the 
observed  increase  in  the  gate-drain  breakdown  volt¬ 
age,  observed  in  Fig.  15  after  162  hrs.  of  aging  at 
Ig/ld  =  3.43  •  10" 3;  in  fact,  the  negative  charge  on 
surface  states  reduces  the  gate-drain  electric  field, 
thus  increasing  BVg<j0  [3], 
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Figure  14:  Normalized  transconductance  frequency 
dispersion  g m(/)  in  as  received  sample  and  at  various 
time  during  stress  tests  at  If/It  =  3.43  -  10~3. 

4 

By  measuring  the  temperature  dependence  of  the 
frequency  at  which  the  decrease  of  gm(f)  occurs,  an 
activation  energy  E»  =  0.26  ±  0.02  eV  is  obtained, 
Fig.  16. 
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Figure  15:  Gale-drain  diode  reverse  current  mea¬ 
sured  with  source  floating,  ltdo,  before  and  after  162 
hrs.  of  stress  test.  A  clear  improvement  of  the  reverse 
gate-drain  junction  characteristics  can  be  detected. 


The  behaviour  of  GaAs  Alenia  MESFET’s  is 
similar  to  that  above  reported  for  Toshiba  S8902 
HEMT’s.  The  degradation  was  found  to  be  ex¬ 
tremely  fast  in  unpassivated  devices,  while  SiN  pas¬ 
sivated  ones  presented  remarkably  smaller  degrada¬ 
tions.  Figure  17  compares  la  degradation  as  a  func¬ 
tion  of  time  in  SiN  passivated  and  SiO  passivated 
Alenia  M  ESFET’s.  The  degradation  of  MESFET’s  is 
also  accompanied  by  an  increase  of  the  transconduc¬ 
tance  frequency  dispersion.  The  transconductance 
decreases  at  high  frequency,  thus  indicating  traps  in 
the  access  regions  as  it  occurs  for  Toshiba  BEMT’s. 


1AT  (1/eV) 

Figure  16:  Arrhenius  plot  of  the  frequency  corre¬ 
sponding  to  the  half-maximum  decrease  of  transcon¬ 
ductance  measured  as  a  function  of  temperature  in  a 
treated  sample  after  136  hrs.  of  test  at  V* . 


Figure  18  shows  the  behaviour  of  the  time  needed 
to  achieve  a  5%  Is,  decrease  as  a  function  of  lt/U 
in  Toshiba  S8901  unpassivated  HEMT’s  and  SiO- 
paaaivated  Alenia  MESFET’s. 

The  improvement  of  reverse  gate-drain  breakdown 
and  the  decrease  in  gm(f)  suggest  that  the  damage 
induced  by  hot  electrons  is  related  to  the  develop¬ 
ment  of  deep  levels  in  the  access  region  between  gate 
and  drain,  as  already  reported  [3].  All  the  observed 
degradations  are  permanent,  i.e.  they  can  not  be  an¬ 
nealed  even  after  a  high-temperature  storage  (up  to 
200  *C,  10  hrs.). 

MESFET  ALENIA 
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Figure  17:  Percenlual  decrease  of  la  in  SiN  and  SiO 
passivated  Alenia  MESFET’s.  The  ratio  1,/ld  of 
stress  test  is  reported. 
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Figure  18:  Comparison  of  degradation  rate  of  Al- 
GaAs/GaAs  BEMT’s  vs  GaAs  MESFET’s. 

The  above  reported  results  suggest  a  method  for 
accelerated  testing  of  hot-electron  effects  in  GaAs- 
based  FET’s,  and  show  that  hot-electron  degrada¬ 
tion  can  be  a  real  concern  for  the  reliability  of  high 
power  MESFET  and  HEMT  devices.  The  observed 
dependence  on  the  I(/l<i  ratio  can  be  exploited  to 
identify  acceleration  factors  and  appropriate  design 
rules. 

To  our  knowledge  the  only  available  data  on  hot 
electron  induced  degradation  of  GaAs  based  devices 
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biased  as  transistors  refer  to  MESFET's  [4],  Devices 
were  biased  at  high  Vd,  in  impact  ionization  regime 
and  showed  a  rapid  decrease  in  Id.  Degradation  was 
found  only  in  SiOj  and  not  in  SiN  passivated  de¬ 
vices  and  was  attributed  to  the  injection  of  hot  car¬ 
riers  into  the  interface  between  GaAs  surface  and 
passivation  film,  thus  causing  charge  trapping  and 
enlarging  surface  depletion  layer.  The  degradation 
rate  was  found  to  be  proportional  to  Ig. 

In  (5],  AlGaAs/GaAs  HEMT’s  were  stressed  by 
applying  a  high  reverse  gate  voltage  with  respect  to 
drain/source,  thus  allowing  a  remarkable  breakdown 
current  (1  mA/mm)  to  flow  through  the  gate.  Break¬ 
down  “walkout”  [5]  and  permanent  device  degrada¬ 
tion  were  found  only  in  unpassivated  devices  and  not 
in  SiN  passivated  one.  The  proposed  explanation  was 
the  oxidation  of  the  AlGaAs  surface  near  the  gate 
edges. 

In  Toshiba  and  Alenia  devices  the  degradation  rate 
was  found  to  be  proportional  to  Ig/Id,  i.e.  to  the 
maximum  longitudinal  electric  field  and/or  the  elec¬ 
tron  energy.  In  particular  at  Vd,  =  const,  a  higher 
degradation  is  found  for  more  negative  Vg,  values. 
This  is  different  from  what  reported  in  [4]  ,  where 
degradation  was  found  to  be  proportional  to  Ig  and 
to  decrease  at  Vd,  =  const,  for  more  negative  Vg, 
values. 

The  improvement  of  reverse  gate-drain  breakdown 
and  the  decrease  of  gm  (f)  suggest  that  the  damage  in¬ 
duced  by  hot  electrons  is  due  to  the  formation  of  deep 
levels  in  the  access  region  between  gate  and  drain  [5]. 
In  our  devices  the  activation  energy  of  these  deep  lev¬ 
els  was  found  to  be  E»  =  0.26  ±  0.02  eV.  We  think 
that  these  traps  can  be  located  at  the  interface  be¬ 
tween  passivation  film  and  n+  GaAs  cap  layer  or  be¬ 
tween  AlGaAs  and  GaAs  channel. 
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Figure  19:  Drain  current  characteristics  at  room  and 
low  temperature  ( -150  o  C);a  kink  in  Ijs  character¬ 
istics  is  observed  at  low  temperature. 


3.2.  Instabilities  in  Pseudomorphic  AlGaAs/lnGaAs 
PM-HEMT’s  Due  to  Thermally-Activated  or 
lmpact-lonization-Induced  Electron  Detrapping 

In  pseudomorphic  AIGaAs/InGaAs  HEMT’s,  hot- 
electron  and  impact-ionization  effects  can  be  en¬ 
hanced  due  to  the  low  electron  effective  mass  and 
small  energy-gap  of  InGaAs  [6].  Previous  studies 
have  demonstrated  that  these  devices  may  be  also 
affected  by  deep  levels  in  the  vicinity  of  the  Al¬ 
GaAs/lnGaAs  interface.  P.  Audren  et  al.  [7]  have 
observed  electron  emission  and  capture  from  deep 
centers  in  pseudomorphic  HEMT’s  similar  to  de¬ 
vices  adopted  in  this  study.  The  activation  energy  of 
the  electron  capture  process  is  E,  =  0.55 -r  0.59  eV, 
while  the  emission  process  has  E,  =  0.74  -r  0.79  eV, 
possibly  corresponding  to  EL2  in  GaAs;  after  aging 
at  Vo,  =  2  V,  la,  =  10  mA  at  Td,  =  180  *C,  how¬ 
ever,  a  new  deep  center  is  observed,  having  an  emis¬ 
sion  activation  energy  E,  =  0.56  eV,  wieh  was  at¬ 
tributed  to  the  n-AlGaAs  strained  layer. 

R.  Plana  et  al.  [8]  have  studied  noise  in  Al¬ 
GaAs/lnGaAs  pseudomorphic  HEMT’s  from  10  Hz 
to  18  GHz.  They  attributed  the  origin  of  noise  with 
a  corner  frequency  in  the  3  kHz  range  observed  in 
Mitsubishi  MGF  4313  PM-HEMT’s  to  trapping  and 
detrapping  on  DX  centers  of  the  AlGaAs  layer,  oc¬ 
curring  mostly  at  the  AIGaAs/InGaAs  interface. 

Y.  Hori  et  al.  [9]  have  observed  a  collapse 
of  the  output  I-V  characteristics  at  low  tem¬ 
peratures  in  both  Alo.aGao  zAs/GaAs  HEMT’s 
and  Al0  jsGao.rsAs/Ino.isGao.ssAs  pseudomorphic 
HEMT’s.  The  amount  of  Id  degradation  decreases 
at  high  Vd,.  In  fact,  in  their  devices,  applying  a 
stress  drain  voltage  of  more  than  1.6  V  resulted  in 
a  recovery  from  the  I-V  collapse.  They  explained 
the  Id  collapse  as  due  to  electron  trapping  on  DX 
centers;  the  recovery  by  drain  stress  was  associated 
with  the  ionization  of  DX  centers  by  capture  of  holes 
generated  by  impact-ionization. 

Pseudomorphic  HEMT’s  MGF4317D  manufac¬ 
tured  by  Mitsubishi  are  also  affected  by  trapping 
effects.  Fig.  19  shows  the  comparison  between  de¬ 
vice  output  characteristics  at  20  °C  and  at  —150  “C. 
A  kink  in  Id  is  observed  at  low  temperature,  tes- 
timonying  the  presence  of  trapping  effects.  Elec¬ 
tron  trapping  stress  tests  have  been  performed  at 
—180  °C  by  biasing  the  devices  at  various  Vd,  val¬ 
ues.  Fig.  20  shows  the  output  characteristic  for 
Vg,  =  0  V  for  the  as-received  sample  at  room  tem¬ 
perature  and  at  -180  °C,  and  after  an  electron  trap¬ 
ping  test  at  Vd,  =  +0.5  V,  Vg,  =  +0.6  V  for  1000 
seconds.  A  noticeable  decrease  in  the  absolute  value 
of  the  pinch-off  voltage  takes  place,  as  shown  in  the 
gm(Vg,)  characteristics,  Fig.  21.  The  collapse  factor, 
defined  as  the  ratio  of  gm  measured  after  electron 
trapping  tests  at  Vd,  =  90m  V,  Vg,  =  0V  to  initial 
gn,  is  showed  in  Fig.  22  as  a  function  of  the  drain 
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voltage  V<u  applied  during  the  teata.  Our  reaults 
confirm  those  obtained  by  Y.  Hori  et  al.  [9];  in  fact, 
the  amount  of  degradation  first  increases,  then  de¬ 
creases  on  increasing  Vd»  The  reduced  degradation 
observed  at  high  Vd*  is  possibly  due  to  holes  gen¬ 
erated  by  impact-ionization,  which  recombine  with 
trapped  electrons,  thus  reducing  the  net  trapped  neg¬ 
ative  charge  and  partially  recovering  |VP|. 
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Figure  20:  fj  characteristics  vs  Vs,  for  V,.  = 
0  V  for  the  as-received  sample  at  room  tempera- 
tare  and  al  -180°C  and  after  a  stress  test  at  Vd,  = 
+0.5  V,V,.  =0.6  V  for  1000  seconds. 
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Figure  22:  Dependence  of  collapse  factor  of  transcon¬ 
ductance  on  stress  drain  voltage  after  1000  seconds 
of  stress  at  fixed  V 

The  presence  of  traps  in  these  devices  induces  in¬ 
stabilities  also  at  room  temperature.  To  understand 
the  related  degradation  mechanisms,  we  performed 
two  sets  of  tests:  storage  tests  at  high  tempera¬ 
ture  without  bias  and  life  tests  at  room  temperature 
with  the  device  biased  in  hot  electron  and  impact- 
ionization  regime. 
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Figure  23:  Confinnos  fines  :  Is  and  It  is  an  as  re¬ 
ceived  device;  Itsa  is  the  gate-drain  reverse  current, 
measured  with  source  floating.  Dotted  lines  :  Is  after 
22  krs.  of  storage  at  T  =  175°C. 


Figure  21:  9m{V„)  characteristics  for  Vs,  — 

+90  mV  for  the  as-received  sample  at  room  tem¬ 
perature  and  at  —180 °C  and  after  a  stress  test  at 
Vs,  =  +0.5  V,  Vlt  =  0.6  V  for  1000  seconds. 

The  drain  output  characteristics  of  a  Mitsubishi 
PM-HEMT  taken  at  room  temperature  are  shown 
in  Fig.  23.  Beyond  Vd.  =  4  V  remarkable  impact- 
ionization  effects  take  place,  with  increase  in  (nega¬ 
tive)  lg. 


After  22  hours  of  storage  at  T  =  175  °C  without 
applied  bias,  a  remarkable  increase  in  Id.  is  observed, 
as  shown  in  Fig.  23.  An  even  larger  increase  in  Id, 
takes  place  after  15  hours  of  hot-electron  stress  at 
Vd.  =  4.7  V,  Vg,  =  —0.1  V,  Fig.  24.  In  both  cases, 
the  increase  in  Id  is  due  to  an  increase  in  the  absolute 
value  of  the  pinch-off  voltage  |VP|,  as  shown  in  Fig. 
25  for  the  hot-electron  test;  this  increase  is  accompa¬ 
nied  by  a  decrease  in  |I(|  and  Igdo  (not  shown).  The 
Id.  increase  is  therefore  accelerated  both  by  the  pres- 


269 


asing  the  devices  in  gate-drain  breakdown  conditions 
with  the  source  open,  see  Table  II. 


ence  of  hot  electrons  (or  hot  holes)  and  by  high  tem¬ 
peratures.  Fig.  26  shows  the  amount  of  Ids  increase 
for  different  tests  performed  al  Vs,  —  4.7  V  for  15 
hours,  as  a  function  of  |l(|  which  is  proportional  to 
the  amount  of  the  impact-ionisation-generated  holes. 
Ig  was  changed  by  varying  Vg,. 
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Figure  26:  A/s,  as  a  function  of  impact-ionization 
hole  current  |/s,|,  for  testa  at  Vs,  =  4.7  V,  t—15  hrs. 


Figure  24:  Continuos  lines  :  /s  in  an  as  received 
device ;  Dashed  lines  :  Id  after  15  hrs.  of  stress  at  at 
Vi,  =  +4.7  V,  V„  =  -0.1  V. 


Vgs  {V) 

Figure  25:  Continuos  lines  :  gm{Vt,)  in  an  as  re¬ 
ceived  device;  Dashed  lines  ;  gm(Vt,)  after  15  hrs.  of 
stress  at  at  Vi,  =  +4.7  V,  Vt,  =  -0.1  V. 

Aid,  increases  with  Ig,  then  saturates,  and  even¬ 
tually  increases  again  when  device  self-heating  due 
to  increased  power  dissipation  contributes  to  device 
degradation.  The  role  of  impact-ionised  holes  in  ac¬ 
celerating  the  Is,  increase  is  demonstrated  by  tests 
performed  at  the  same  dissipated  power,  but  with 
different  lg ;  enhanced  device  degradation  was  found 
at  high  Ig  values,  Fig.  27  and  Table  II.  An  increase  in 
Id,  is  also  observed  when  holes  tire  generated  by  bi- 


Table  II:  Increase  in  saturation  current  Id,  observed 
during  accelerated  test  at  Pd  =  98mlV  and  in  gate- 
drain  breakdown  conditions  with  source  floating. 


Test  point 

l 

B 

C 

G-D 

Break. 

Dissip.  Pow. 

98  mW 

98  mW 

98  mW 

0.38m  W 

Ig  during  test 

—43.1  nA 

-77  nA 

756  nA 

-48  MA 

ESEHHMI 

9.<% 

3.18% 

0.2% 

- 

iTcm 

+10.9  % 

+4.5  % 

+3.2  % 

+6-9  % 

rt/,*,: 

V*  =  -5.3  V 
/,  =  0  mA 

-53.6  % 

-15  % 

-11  % 

-62  % 

Figure  27:  Is  characteristics  superimposed  to  the  load 
line  that  identifies  Pd  =  98  mW;  A,  B  and  C  an 
various  test  point. 


For  both  storage  and  hot-electron  tests  the  degra¬ 
dation  is  not  permanent,  see  Fig.  28;  in  fact,  the  Id 
increase  is  recovered  after  a  room  temperature  or  low 
temperature  storage.  It  should  be  noticed  that  at 
room  temperature  the  recovery  time  is  usually  much 
longer  than  that  required  for  causing  the  Id  increase 
either  during  hot-electron  or  storage  tests. 
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Figure  28:  Typical  la, -recovery  characteristics  for 
storage  and  hot-electron  tests  at  900  K. 

A  trapping/detrapping  mechanism  could  be  the 
possible  cause  of  all  parasitic  effects  observed  in  these 
pseudomorphic  devices.  Noise  [8]  and  pulsed  [7]  mea¬ 
surements  have  demonstrated  the  presence  of  deep 
levels  in  these  PM-HEMT’s,  also  confirmed  by  the 
kinks  and  collapse  of  the  I-V  characteristics  at  low 
temperatures  previously  described. 

The  non-permanent  nature  of  the  Id  increase  af¬ 
ter  room  temperature  storage  or  hot-electron  tests 
suggests  that  also  these  phenomena  could  be  related 
to  trapping  effects.  We  therefore  explain  the  ob¬ 
served  instabilities  as  follows.  The  negative  charge 
stored  due  to  electron  trapping  even  at  room  temper¬ 
ature  can  be  removed  either  by  thermal  activation 
of  trapped  electrons  or  by  recombination  with  holes 
generated  by  impact-ionization.  This  causes  an  in¬ 
crease  in  |VP|,  and  therefore  an  increase  in  Id-  When 
the  devices  are  stored  at  room  (or  lower)  tempera¬ 
ture,  electrons  slowly  fill  the  ionized  traps  and  Id, 
and  Vp  recover  to  their  original  value.  The  existence 
of  a  detrapping  mechanisms  due  to  recombination 
with  holes  generated  by  impact-ionization  also  ex¬ 
plains  why  the  amount  of  the  decrease  of  Id,  during 
electron  trapping  at  low  temperatures  decreases  on 
increasing  Vd,  beyond  2  V,  see  Fig.  22.  Recombina¬ 
tion  of  holes  with  electrons  trapped  at  DX  centers 
has  been  observed  by  L.  Oobaczewski  et  al.  [10]  in 
Alo  35GS0  ssAs/GaAs  structures. 

In  conclusion,  we  have  shown  that  the  presence 
of  traps  can  induce  long-term  instability  effects  in 


AlGaAs/InGaAs  PMHEMT’s;  the  described  failure 
mechanism  is  accelerated  by  high  temperature  and 
impact-ionization  effects,  and  therefore  requires  par¬ 
ticular  consideration  during  the  design  and  applica¬ 
tion  of  power  devices,  which  typically  operate  at  high 
Vd,,  dissipated  power  and  Td>. 
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Figure  29:  Schematic  cross  section  of  a  generic 
SEMT  device,  summarising  observed  failure  mech¬ 
anism  a)  at  room  temperature  in  Toshiba  BEMT’s 
and  Alenia  MESFET’s;  b)  and  c)  in  Mitsubishi  PM¬ 
HEMT’s  at  low  temperature  and  room  temperature 
respectively. 


4.  CONCLUSIONS 

Hot-electron-induced  degradation  of  commercially 
available  GaAs-based  FET’s  has  been  studied  by 
means  of  high  Vp,  accelerated  testing  and  by  corre- 
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lation  with  impact-ionization  effects,  as  monitored 
by  gate  current  measurements. 

Observed  failure  mechanisms  are  schematically 
shown  in  Fig.  29.  In  both  MESFET’s  and  Al- 
GaAs/GaAs  HEMT’s  we  have  observed  increase  in 
Ru  due  to  trap  creation  and  electron  trapping  in 
the  drain  access  region  (see  fig.  29a).  This  degra¬ 
dation  mechanism  is  permanent  and  markedly  de¬ 
pends  on  the  passivation  adopted,  SiN-passivated 
device  being  more  reliable  than  unpassivated  or 
SiO-passivated .  Pseudomorphic  AlGaAs/InGaAs 
HEMT’s  suffer  of  la,  instabilities  due  to  hot  electron 
trapping  and  detrapping  on  deep  levels  under  the 
gate  causing  threshold  voltage  shifts  (fig.  29b  and 
fig.  29c).  This  degradation  is  completely  recoverable 
and  obviously  depends  on  temperature  and  on  the 
presence  of  impact-ionization-generated  holes.  Per¬ 
manent  theresold  shifts  due  to  creation  of  traps  un¬ 
der  the  gate  following  hot-electron  testing  have  also 
been  observed  in  PM-HEMT’s  [11). 

All  these  failure  mechanisms  may  limit  the  relia¬ 
bility  of  power  devices  operating  at  high  V^f .  While 
gm(f),  DLTS  [12]  pulse  and  noise  measurements  have 
proved  to  be  excellent  diagnostic  techniques  for  the 
analysis  of  these  effects,  more  experiments  on  well 
characterized  devices  and  materials  are  needed  in  or¬ 
der  to  identify  the  physical  origin  of  the  described 
degradations  and  to  correlate  them  with  fabrication 
processes. 
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Abstract  :  The  quality  of  AlGaAs/GaAs/buffer  layer  on  GaAs  HEMTs  and  of  AlGaAs/InGaAs/GaAs  HEMTs  is 
compared  on  the  basis  of  technological  parameters  influence  :  A1  mole  fraction  in  the  n-  AlGaAs  layer,  type  of  the  buffer 
layer  (p-  or  n-  doped  GaAs  or  AlGaAs),  In  molefraction  in  pseudomorphic  structures. 

From  the  LF  drain  noise  behaviour  versus  gate  and  drain  biases  and  temperature  (90K  to  300K),  pseudomorphic  devices 
ire  found  to  present  lower  drain  current  noise  and  less  G-R  contributions  when  compared  to  conventional  HEMTs.  This 
discrepancy  might  result  from  a  lower  deep  levels  concentration. 


1.  INTRODUCTION 

High  Electron  Mobility  Transistors  exhibit  better 
noise  figure  performances  compared  with  that  of  GaAs 
MESFETs.  The  interest  of  the  analysis  of  LF  noise  is 
found  in  many  applications  of  the  HEMTs  as  oscillators 
and  mixers  where  the  non  linearities  of  the  device  cause 
intermixing  of  the  noise  spectral  components  and 
generates  spurious  phase  noise. 

The  parasitic  effects  in  conventional  HEMTs  are  related 
to  deep  levels  which  affect  the  functional  operation  of 
both  discrete  devices  and  integrated  circuits.  These 
anomalies  mainly  appear  at  frequency  and  temperature 
dependent  current  or  voltage  transients  (ref.  1).  The 
location  of  the  contributed  traps  depends  on  the 
operating  mode  of  the  devices.  They  are  related  to  the 
manufacturing  processes  and  to  the  electrical  and 
physical  properties  of  each  layer  and  of  their  interfaces. 
Hie  influence  of  these  levels  can  be  characterised  by  LF 
noise  analysis  through  the  1/f  noise  level  and  the 
possible  G-R  noise  contributions  appearing  in  'he 
spectra. 

The  dominant  trap  level  in  conventional  AIGaAs/GaAs 
HEMTs  has  been  identified  as  the  DX  center  which  lies 
from  0.5  to  0.4  eV  below  the  conduction  band 
(refs.  2.3).  It  has  been  demonstrated  that  a  low  A1 
molefraction  in  n-AlGaAs  must  be  achieved  to 
minimize  the  DX  traps  related  effects.  A  low 
molefraction  of  A!  also  reduces  the  heterojunction 
conduction  band  discontinuity  and  then  increases  the 
probability  of  electron  injection  across  the  potential 
barrier.  This  mechanism  is  a  possible  cause  of  the  LF 
noise  increase  due  to  the  enhancement  of  electron 
capture  or  emission  mechanisms. 

The  quantum  well  pseudomorphic 
AIGaAs/TnGaAs  structure  maintains  a  significant 
potential  barrier  while  reducing  the  A1  molefraction  in 
the  n-AJGaAs  layer.  In  the  AIGaAs/GaAs  system,  an  A1 


molefraction  greater  than  0.22  is  required  to  provide  a 
significant  conduction  band  offset  (AEc)  while  in  the 
4JGaAs/InGaAs  system,  an  A1  molefraction  of  only 
0.15  is  needed  to  produce  an  efficient  confinement  of  the 
free  carriers.  However,  due  to  the  lattice  mismatch 
(e  -  1.3%)  of  this  system,  the  InGaAs  layer  critical 
thickness  must  not  be  exceeded  to  preserve  the  transport 
properties  advantages  of  the  pseudomorphic  strained 
heterostnictures  (ref.  4). 

Thus,  the  strained  -  layer  AlGaAs/InGaAs  HEMT 
derives  its  superior  performances  from  both  the  higher 
mobility  value  in  the  InGaAs  than  in  the  GaAs  materia’ 
and  from  the  reduction  of  the  DX  related  effects  while 
maintaining  a  high  electron  gas  density.  According  to 
these  concepts,  pseudomorphic  HEMTs  should  provide 
less  G-R  noise  components  than  conventional  devices. 


2.  DESCRIPTION  OF  THE  DEVICES 

The  devices  under  test  are  based  on  the 
AlGaAs/GaAs-buffer  layer  and  AlGaAs/InGaAs/GaAs 
modulation  doped  heterostructures  respectively  for  the 
conventional  HEMTs  (S-KEMTs)  and  for  the 
pseudomorphic  HEMTs  (PM-HEMTs).  Three  types  of 
conventional  devices  (A  B,  C)  are  distinguished 
according  to  the  nature  of  the  buffer  layer  (table  I). 

An  AlGaAs  buffer  is  used  to  create  an  energy  barrier  in 
the  conduction  band  and  to  reduce  electron  injection  into 
the  buffer,  as  it  has  been  proposed  by  Morkoc  (ref.  5) 
The  epitaxial  growth  process  is  a  Vapor  Phase  Epitaxy 
using  meiallorganic  sources  (MOCVD).  The  A1 
molecular  fraction  of  the  n-doped  AlGaAs  layer 
deposited  onto  a  non-doped  AlGaAs  spacer  is  0.28.  The 
InGaAs  layer  of  the  PM-HEMTs  (D  type)  has  been 
grown  by  Molecular  Beam  Epitaxy  (MBE).  The 
molefraction  of  In  was  minimized  to  0.15  to  reduce 
lattice  mismatch  at  the  heterointerface  and  the  Ai  mole 
fraction  is  0.22. 
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Device 

■353SK51 

HiWWKim 

'■M 

300 

400 

absent 

D- 

1000 

EjS 

300 

500 

absent 

P" 

absent 

500 

480 

absent 

n- 

absent 

D 

300 

450 

150 

_ £_ 

absent 

Table  I :  Technological  characteristics  of  devices  under  test 


The  double  barrier  quantum  well  structure  (device  D) 
presents  two  conduction  band  discontinuities  : 
A  Eel  =  0.3  eV  and  AEc2  »  0.12  eV  while  the  potential 
barrier  energy  of  the  single  heterostructure  is  0.22  eV  in 
the  conventional  FET  as  represented  in  figure  1. 

The  ohmic  contacts  are  deposited  onto  a  n+doped  GaAs 
cap  layer  (1x10*®  cm"®  s  ND  S  2x10*®  cm"®).  Identical 
masks  were  used  to  define  the  gate  and  ohmic  contacts 
of  all  devices  ;  the  six  gate  fingers  are 
0.3  pm  long  and  33  pm  wide. 


A1  A.  GaAi  A1 , ,  Gl  •  .  Ai  ^ 


Figure  1  :  Conduction  band  diagram : 

A :  AlGaAs/GaAs/AlGaAs  HEMT 

B,C:  AlGaAs/GaAs/GaAs  HEMT 
D :  AJGaAs/InGaAs/GaAs  HEMT 


3.  EXPERIMENTAL  RESULTS 


LF  noise  investigations  were  conducted  to 
evaluate  and  compare  the  influence  of  the  physical 
characteristics  due  to  the  heterostructure  layers  on  the 
global  quality  of  devices.  The  measurements  were 
performed  in  the  ohmic  regime  and  in  the  frequency 
range  :1  Hz  -100  kHz. 

To  obtain  some  insight  into  the  sources  of  the  LF 
excess  noise,  its  evolution  was  analysed  as  a  function  of 
the  gate  and  of  the  drain  biases  in  the  90  K  -  300  K 
range.  The  evolution  of  the  current  noise  spectra  as  a 
function  of  the  temperature  has  allowed  to  identify  deep 
levels  responsible  for  parasitic  effects  in  the  HEMT. 

3.1  1/f  noise  analysis  vs.  drain  voltage 


As  verified  in  figure  2,  the  1/f  noise  spectra  of  all 
devices  follow  the  Hooge  relation  [1]: 


.  aH1DS 
SlD~N  f 


m 


where  N  is  the  total  number  of  free  electrons  in  the 
channel.  Moreover,  the  current  noise  spectral  intensity 
normalised  to  the  squared  drain  current  remains 
independent  of  the  drain  bias  in  the  ohmic  regime 
(20  mV  S  Vds  S  70  mV).  At  f=10Hz.  the  values  of  the 
cxh/N  factor  (where  ap  is  the  Hooge  parameter)  are 
respectively  l.lxlO"10, 9Jxl0"12  and4.7xl0"12  for  A,  B 
and  C  devices.  So.  the  1/f  noise  level  is  more  important 
for  A  devices  than  for  B  and  C  devices.  The  residual 
dopants  type  of  the  GaAs  buffer  layer  (p'  type  for  B 
devices  and  n"  type  for  C  devices)  has  no  influence  on 
the  channel  noise  level  of  conventional  devices. 

Owing  to  the  presence  of  (he  AlGaAs  buffer  layer  in  A 
devices  which  induces  a  band  conduction  offset  of 
0.08  eV  (fig  l.A),  the  free  electrons  are  shielded  from 
the  substrate  traps.  This  suggests  that  the  1/f  noise  of 
conventional  devices  in  the  ohmic  regime  is  noi  issued 
from  free  carriers  density  fluctuations  related  to  the 
injection  of  electrons  into  the  substrate.  The  high  1/f 
current  noise  level  could  originate  from  structural  defects 
in  the  GaAs  buffer  layer  resulting  from  the  deep 
GaAs/AlGaAs  interface. 
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A  value  of  l-2xI0"12  is  obtained  for  au/N  on  PM- 
HEMT  (device  D),  i.e  about  one  or  two  orders  of 
magnitude  lower  than  for  A,  B  and  C  devices.  This 
confirms  the  better  1/f  noise  performances  of  PM- 
HEMTs. 
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figure  2:  Normalised  current  noise  spectral  intensity 
25.  the  squared  drain  current  in  the  ohmic 
regime  (Vqs  =  OV) 


12J/f  excess  noise  variation  vs.  gate  hias 

In  the  following,  a  comparison  is  performed  between  the 
best  conventional  HEMT  (C  device)  and  the  PM-HEMT 
(D  device)  performances.  In  figure  3,  the  normalised 
drain  noise  spectral  intensity  is  reported  as  a  function  of 
the  inverse  of  the  relative  gate  voltage  1/V0S-VT.  VT  is 
the  threshold  voltage  of  the  HEMT  precisely  calculated 
from  noise  measurements  in  the  ohmic  regime. 

As  previously  reported  for  conventional  HEMTs  (ref.  6), 
the  evolution  of  the  PM-HEMT  normalised  drain  current 
noise  versus  l/Vos-VT  gives  information  on  the  origin 
of  the  1/f  excess  noise  and  presents  three  different 
regions. 


The  total  drain  noise  in  the  ohmic  regime  can  be  written 
as : 


S.o  __  Srt  _  Sr ph  +Stu 
Ics  R?  (Rot  +RsJ* 


5!es.  =  _1_ 
Ies  Rt2 


R&, + 1 

LS  (L-Lcf  Jf 


[3] 


where  Sr*  is  the  intrinsic  channel  noise,  Sr,  represents 
the  noise  contribution  of  the  access  zones  (from  gate  to 
drain  and  source).  Lq  the  gate  length  and  L  the  source- 
drain  distance. 

For  values  of  l/Vos-VT  higher  than  2,  the  series 
resistance  equivalent  noise  is  neglected  when  compared 
to  the  intrinsic  channel  noise.  The  slope  of  the  plot  is  1 
or  3,  depending  upon  the  respective  values  of  Rq,  and 
Rs  • 

In  the  slope  1  region,  the  total  resistance  RT  (between 
drain  and  source)  is  reduced  to  the  intrinsic  channel 
resistance  Rch  . 

Then,  the  equation  [3]  becomes : 


Sip  _  Qch  q  d  ]  i 
Ics  ~  LgWe  (Vcs  -  VT)  f 


replacing  Rq,  by: 

Rc^-Lffid - 1 - 

Par  We  (Vqs-Vt) 


This  assumption  is  verified  by  experimental  results 
(figure  3)  and  Qoi  apppears  to  be  independent  of  the  gate 
bias  in  this  region.  An  identical  value  of  3.8xl0  4  is 
obtained  for  C  and  D  devices  ;  this  results  from  the 
higher  number  of  free  electrons  in  the  intrinsic  channel 
(2DEG)  for  PM- HEMTs  than  for  S-HEMTs. 


Sid/Id2  (1/Hz) 


figure  3  :  Evolution  of  the  normalised  drain  current 
noise  23.  the  inverse  of  the  relative  gate 
voltage  (f=20Hz  -  VM  =50mV) 
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In  the  slope  3  region,  the  channel  resistance  Rch  is 
smaller  in  comparison  with  R$.  Thai,  the  equation  [3] 
gives  : 


component  which  cut-off  frequency  is  around  10  kHz  (at 
ambient  temperature)  is  supposed  to  be  related  to  the 
DX  traps  contribution  in  the  conventional  HEMTs  if 
the  A1  molefraction  is  higher  than  0.22  (ref.  9). 


Sip  _  och  q  pat  Rch  l 
Its  l|  Rj:f 


[Q 


The  theoretical  expression  [5]  of  Rch  is  no  more  valid. 
A  square  dependence  of  Rp  on  l/V0S-Vx  is  observed 
(figure  4).  The  value  of  the  slope  results  in  this  zone 

from  the  variations  of  ^QL  versus  l/Vcs-Vr- 

Rl 


R?  <n2) 


figure  4  :  Total  resistance  R-r  vs.  the  inverse  of  the 
relative  gale  voltage 


For  values  of  1/V0S-VT  lower  than  2,  the  access 
resistance  noise  Sr,  is  dominating  and  depends  on 
1/Vgs-Vt  as  Rs.  Then,  the  equation  [3J  is  reduced  to : 


Sip  _  as  q  Ms 
Ics  (L  -  LqJ2 


Rsl 


m 


Following  these  assumptions,  it  is  not  trivial  to 
separate  the  respective  contributions  of  the  series 
resistance  and  of  the  intrinsic  channel  to  the  current 
noise  in  the  slope  3  region  of  the  Sjq/i^  plot  reported 
in  figure  3. 


3,3  G-R  noise  vs.  gate  bias 

As  seen  in  figure  5,  the  PM-HEMT  current  noise 
behav  ior  shows  a  G-R  component  vhich  seems  less 
preeminent  than  in  S-HEMTs  devices.  This  could 
original*.  Grom  the  lower  A1  molefraction  of  the  n- 
AlGaAs  in  PM-HEMT.  As  already  demonstrated  by 
several  authors  (refs.  7,8),  dv.  preeminent  G-R  noise 


Drain  current  noise  measurements  on  PM-HEMT  for 
gate  voltage  between  -0.3V  and  0V  at  fixed  drain  bias 
(SO  mV)  have  been  performed.  For  values  of  the  gate 
bias  Vqs  close  to  the  threshold  voltage  of  the  device,  the 
excess  channel  noise  presents  a  1/f  behavior  at  room 
temperature.  When  increasing  the  gate  bias,  G-R  noise 
contributions  appear  in  the  noise  spectra  (figure  6).  This 
evolution  is  similar  to  that  observed  on  conventional 
HEMTs  (ref.  10). 

Sid  (A2 /Hz) 


figure  5  :  Comparison  of  the  drain  current  noise 
spectra  (measured  at  Ids=1.9mA) 
for  A,  B  and  D  devices 


Sid  (A2/Hz) 


f  (Hz) 


figure  6 :  Evolution  of  the  PM-HEMTs  drain  current 
G-R  noise  contributions  as  a  function  of 
the  gate  bias 
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For  the  temperature  range  200K  -  300K,  the  comer 
frequency  of  G-R  contributions  shifts  towards  the  lower 
frequencies  for  B  (figure  7),  C  and  D  devices. 

Sid  (A2 /Hz) 


f  (Hz) 


figure  7 :  Evolution  of  the  drain  current  noise  spectral 
intensity  as  a  function  of  temperature  (for 
B  device) 

The  shift  of  the  comer  frequency  fc  versus  temperature  is 
drawn  on  the  Arrhenius  plot  of  log(T2/fc)  (figure  8). 
The  activation  energy  Ea  and  the  capture  cross-section  a 
are  obtained  from  a  least-squares  linear  regression.  In 
table  II,  Ea  and  o  are  reported  for  B,  C  and  D  devices. 
The  values  of  these  parameters  clearly  identify  levels 
which  can  be  classed  as  the  generic  DX  center. 


T2/fc  (K2/Hz) 


Device  type 

Ea±0.05(eV) 

a  (cm2) 

B 

DX  traps :  0.5 

UxlO"*5 

C 

DX  traps :  0.4 

5.3xl0"17 

D 

DX  traps :  0.55 

3.2xl0"14 

D 

specific  level : 
0.06 

1.3xl0"21 

Table  II :  Characteristics  of  traps  identified  in  B,  C  el 
D  devices 


In  reference  11,  a  trap  with  an  activation  energy  of 
0.08  eV  has  been  reported  in  PM-HEMTs  in  the 
temperature  range  of  250K-320K  and  its  origin 
attributed  to  the  InGaAs-GaAs  interface. 


4.  CONCLUSIONS 


The  LF  drain  current  noise  analysis  of  conventional  and 
pseudomorphic  HEMTs  (issued  from  identical 
metallurgical  processes)  has  been  performed  to  evaluate 
the  global  quality  of  these  devices  through  the  aH/N 
factor.  The  lower  PM-HEMT  aH/N  parameter  value 
verifies  that  a  better  carrier  confinement  is  achieved  bom 
the  significant  conduction  band  discontinuity  at  the 
AlGaAs/lnGaAs  interface  and  from  Ihe  deep  offset  at  the 
InGaAs/GaAs  buffer.  A  higher  sheet  charge  density  is 
maintained  in  PM-HEMTs  than  in  S-HEMTs  but  very 
similar  intrinsic  channel  contributions  to  the  LF  noise 
currrcnt  are  observed  through  an  identical  value  of  the 
Och  parameter :  3-8x10"*. 

DX  centers  have  been  characterised  in  conventional  and 
pseudomorphic  HEMTs  according  to  the  G-R  noise 
dependence  on  temperature.  It  has  been  verified  that  a 
low  A1  molefraction  in  the  n-AlGaAs  layer  implies  a 
lower  G-R  noise  level  and  therefore  a  weaker  deep  traps 
concentration.  The  detection  and  the  characterisation  of  a 
shallow  trap  in  PM-HEMTs  through  the  G-R  noise 
evolution  versus  temperature  has  been  related  to  the 
AlGaAVInGaAs  interface  structure. 
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GaAs  MMIC  SWITCH  RELIABILITY 
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ABSTRACT 

Accelerated  high  temperature  RF  life  testing 
was  conducted  on  MMIC  single  pole  single  throw 
(SPST)  and  single  pole  double  throw  (SPDT)  switches. 
The  primary  failure  mechanism  was  found  to  be 
degradation  of  the  passivation  separating  the  first  and 
second  level  metalizations. 


L  INTRODUCTION 

Previous  reliability  studies  of  GaAs 
monolithic  microwave  integrated  circuits  (MMICs) 
have  concentrated  on  low  noise  and  power  amplifiers 
(Refs.  1-4).  In  the  present  paper  we  report  on  a  study 
of  switch  reliability  which  are,  to  our  knowledge,  the 
first  quantitative  results  reported  to  date.  Even  though 
only  a  limited  number  of  devices  were  available  for  this 
study,  it  was  interesting  to  determine  if  there  was 
enough  statistical  validity  to  obtain  useful 
information.  As  we  have  found  in  the  present  MIMIC 
Program,  only  a  small  number  of  expensive  circuits  are 
frequently  all  that  are  available  for  reliability  studies. 
For  example,  only  10  GaAs  MMIC  modules  of  each 
type  will  be  delivered  for  performance,  reliability,  and 
other  types  of  testing. 


2.  RF  LIFE  TESTING  PROCEDURES 

MMIC  single  pole  single  throw  (SPST) 
switches  were  RF  life  tested  under  accelerated  high 
temperature  conditions  at  baseplate  temperatures  of 
170°C  and  200°C.  following  the  JEDEC  JEP118 
Guidelines  (Ref.  5)  as  closely  as  possible.  During  life 
testing,  the  SPST  switches  were  driven  by  an  RF 
signal  at  a  frequency  of  8.4  GHz  and  a  level  of  +4.0 
dBm.  To  simulate  actual  use  conditions,  the  switches 
were  modulated  by  a  0V  to  -5V  square  wave  with  a  10 
kHz  repetition  rate  and  a  50%  duty  cycle.  Single  pole 
double  throw  (SPDT)  switches  were  also  life  teked 
under  similar  conditions  but  at  baseplate  temperatures 
of  170°C,  200°C,  and  230°C  with  an  RF  signal  level 
of  -10.0  dBm.  The  square  wave  bias  was  used  to 
constantly  switch  the  devices  between  the  ON  and  OFF 
states,  thus  simulating  the  operating  conditions  they 
would  experience  in  practice. 

Prior  to  RF  life  testing,  small  signal 
s-parameters  were  measured  vs.  frequency  on  a  network 
analyzer.  All  the  switches  were  measured  in  both  the 
ON  and  OFF  states.  The  MMICs  were  then  placed  on 
the  life  test  apparatus  and  measured  under  the  same  dc 
bias  conditions,  but  with  the  RF  input  signal  set  to  the 
levels  specified  above.  Initial  values  of  output  power, 
insertion  loss  or  gain  were  then  recorded  both  at  room 
temperature  and  at  a  baseplate  temperature  of 


12S°C  and  used  as  pre-stress  figures  of  merit.  The 
MMICs  were  then  healed  to  stress  temperature  (170°C, 
2000C,  or  23Q°C)  and  the  10  kHz  square  wave  bias  was 
applied.  The  square  wave  bias  was  maintained 
whenever  the  switches  were  at  stress  temperature. 
Approximately  every  500  hours,  output  power  and 
insertion  loss  or  gain  were  remeasured  under  constant 
bias  at  room  temperature  and  at  125°C  and  compared  to 
the  initial  values.  For  purposes  of  evaluation,  failure 
was  defined  as  a  ±0.7  dB  change  in  insertion  loss,  gain, 
or  pass  band  ripple,  a  ±1.8  dB  change  in  isolation,  or  a 
±2.4  dB  change  in  return  loss. 

The  RF  life  test  stations  were  designed  so  that 
the  microwave  input  power,  dc  bias,  and  baseplate 
temperature  of  each  device  on  test  could  be  individually 
monitored  and  controlled.  Input  power  to  each  device 
was  adjusted  by  means  of  a  variable  attenuator  and 
monitored,  via  a  20  dB  directional  coupler,  to  ensure 
that  the  level  remained  constant  throughout  the  test. 
Crystal  detectors  were  used  to  monitor  the  output  power 
of  each  device.  Temperature  control  was  achieved  with 
a  cartridge  heater,  a  two-wire  thermocouple,  and  an 
individual  temperature  controller  for  each  device.  In  the 
latter  stages  of  the  study,  computer  control  capability 
was  implemented  with  a  286  PC  and  an  analog  to 
digital  interface  consisting  of  16:1  multiplexer  boards, 
solid  state  relays,  a  16  channel  A/D  board  and  a  96 
channel  digital  VO  board.  A  QuickBasic  program  was 
written  to  control  measurement  and  data  storage  of 
baseplate  temperature,  dc  bias  level,  and  RF  output 
power,  and  to  shut  off  all  power  to  a  device  in  the  event 
of  catastrophic  failure. 

As  there  were  only  eight  SPST  MMICs 
available  for  life  testing  it  was  decided  to  use  only  two 
temperatures  in  order  to  have  a  minimum  number  for 
statistical  analysis.  Accelerated  high  temperature  RF 
life  testing  was  performed  on  the  SPST  switches  at 
baseplate  temperatures  of  170°C  and  200°C.  In 
Figure  1,  the  time  of  failure  for  each  SPST  switch  at  a 
given  temperature  is  plotted  versus  cumulative 
percentage  of  failures  at  that  temperature,  assuming  a 
lognormal  distribution.  The  data  at  each  temperature 
were  then  fitted  on  computer  by  exponential  least 
squares  and  a  standard  deviation,  o,  was  calculated  for 
each  curve.  In  Figure  2  the  median  time  of  failure 
(median  life,  t50)  at  each  stress  temperature  is  plotted 
versus  channel  temperature  in  accordance  with  the 
Arrhenius  model  of  temperature  acceleration.  Since 
negligible  dc  current  flows  in  either  the  SPST  or  the 
SPDT  switches,  baseplate  temperature  is  a  good 
approximation  of  channel  temperature.  The  data  were 
then  fitted  on  computer  with  a  logarithmic  curve  fit  to 
enable  extrapolation  over  temperature.  For  example, 
the  median  life  of  the  SPST  switches  extrapolated  to  a 
channel  temperature  of  125°C  is  1.4X104  hours  with  an 
activation  energy  of  0.41  eV. 
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Failures  (Cum  %) 


Figure  1 .  Lognormal  plot  of  time  of  failure  vs.  cumulative  percentage  of  failures  for 
the  SPST  switches,  RF  life  tested  at  baseplate  temperatures  of  1 70°Cand  200°G 
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Figure  2.  Arrhenius  plot  of  median  life,  150,  vs.  channel  temperature  for  the  SPST 
switches,  RP  life  tested  at  T  .  - 1 7  0°C  and  2  0  0°C,  corresponding  to  an  activation 

Cfl 

energy  of  0.41  eV. 
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In  the  case  of  the  SPDT  MMICs,  there  were 
nine  switches  available  and  a  three  temperature  life  test 
was  conducted-  This  allowed  a  comparison  with  the 
two  temperature  life  tests  with  the  SPST  switches. 
Because  the  designs  are  very  similar  and  the  fabrications 
methods  almost  identical,  similar  life  test  results  were 
expected.  Accelerated  high  temperature  RF  life  testing 
was  performed  on  the  SPDT  switches  at  baseplate 
temperatures  of  170°C,  200°C,  and  230°C.  As  with 
the  SPST  switches,  lognormal  and  Arrhenius  plots 
were  made  for  the  SPDT  switches  and  are  shown  in 
Figures  3  and  4  respectively.  From  the  Arrhenius  plot, 
we  estimate  a  median  life  of  3.4x10*  hours  at  a  channel 
temperature  of  125°C.  The  corresponding  activation 
energy  is  0.54  eV. 


3.  FAILURE  ANALYSIS 

Failure  analysis  was  carried  out  on  the  SPST 
and  SPDT  MMICs  mat  failed  during  life  testing. 
Discussed  below  are  the  results  of  analyses  using 
optical  microscopy,  scanning  electron  microscopy 
(SEM),  and  energy  dispersive  x-ray  analysis  (ED AX). 

MMIC  SPST  Switches 

All  eight  of  the  SPST  switches  have  had 
failure  analysis  performed  on  them.  A  summary  of  the 
observed  characteristics  is  given  in  Table  1.  For  the 
catastrophic  failures  (#1, 6, 7,  and  10)  this  has  included 
both  optical  and  scanning  electron  microscopy.  The 
parametric  failures  (#2, 4,  5,  and  9)  had  only  optical 
microscopy  performed  on  them  in  case  further  electrical 
measurements  need  to  be  made. 

The  most  interesting  feature  observed  is  that 
the  damage  observed,  with  die  exception  of  MMIC  #7, 
has  not  been  at  the  transistors,  but  rather  along  the 
control  (C  and  O  lines  running  to  the  transistors.  For 
both  of  these  MMICs  damage  occurred  along  the  line 
running  from  the  control  input  pad  to  the  lowest  center 
most  transistor  structure.  This  has  been  labeled  Q17  in 
the  SPST  switch  layout  shown  in  figure  5.  In  the  case 
of  MMIC  #1  there  was  also  damage  extending  upwards 
from  the  control  pad  towards  the  airbridge  structure. 
The  existence  of  similar  damage  for  both 
catastrophically  failed  (e.g.  #1)  and  parametrically  failed 
MMICs  (e.g.  #2)  indicates  the  same  failure  mechanism 
is  responsible  for  both  types  of  failure. 

Analysis  of  the  transistors  of  the  circuits 
showed  no  visible  damage  with  the  exception  of  MMIC 
#6,  which  showed  bits  of  metalization  everywhere 
including  the  transistors.  The  damage  to  MMICs  #9 
and  #10  also  dealt  with  the  control  lines,  but  at  a 
different  location.  For  both  of  these  MMICs,  the 
initial  cross-over  point  between  control  and  control' 
was  damaged. 

From  the  evidence  gathered  thus  far,  the  likely 
failure  mode  is  a  shorting  of  the  control  and  control' 
lines,  due  to  a  failure  of  isolation  due  to  dielectric 
degradation  between  the  two  lines  at  cross-over  points. 
It  does  not  appear  that  the  transistors  have  failed. 


Analysis  of  FETs,  by  measuring  transistors 
disconnected  from  the  circuit,  is  planned. 

-MMKLSfDI  Switches 

The  nine  GaAs  MMIC  SPDT  switches  have 
had  failure  analysis  performed  on  them.  A  summary  of 
the  observed  characteristics  is  given  in  Table  2.  As  can 
be  seen  in  this  table,  six  of  the  SPDT  switches  have 
damage  to  the  control  and  control'  lines.  Figure  6 
shows  the  position  of  these  lines  in  the  SPDT  switch 
layout  For  three  of  the  switches  (#'s  1, 4,  and  5),  the 
damage  consisted  of  a  damaged  control  and/or  control' 
line.  For  the  other  three  switches  (#'s  3, 9,  and  10),  the 
damage  was  more  severe,  with  melted  lines  at  the  cross¬ 
over  points.  For  SPDT  switch  #3,  the  damage  extended 
from  the  C  input  to  a  cross-over  point  with  C.  For 
SPDT  switches  #'s  9  and  10,  the  damage  was  more 
extensive,  with  damage  extending  further  along  the 
control  lines.  Like  the  SPST  switches,  this  type  of 
damage  implies  failure  at  the  control  line  cross-over 
points  due  to  dielectric  degradation  for  these  six 
switches.  The  physical  and/or  chemical  causes  of  the 
degradation  has  not  yet  been  determined. 


4.  CONCLUSIONS 

Accelerated  high  temperature  RF  life  testing 
was  conducted  on  GaAs  MMIC  single  pole  single 
throw  (SPST)  and  single  pole  double  throw  (SPDT) 
switches.  The  results  differ  from  most  previous  MMIC 
life  test  studies,  in  which  the  failure  site  was  almost 
always  at  the  hot  spot  of  one  of  the  active  devices  in 
the  circuit.  Although  the  population  was  small  for  both 
types  of  switches,  because  of  the  limited  number  of 
devices  available,  the  median  life  (t50)  data  do  appear  to 
be  statistically  significant.  A  minimum  of  nine  devices 
should  be  studied  in  a  three  temperature  life  test.  The 
results  indicate  that  the  lifetimes  are  only  of  the  order  of 
2  to  4  years  at  a  channel  temperature  of  125°C. 
Improved  technology,  particularly  in  regard  to 
passivation,  will  be  required  to  extend  the  median  life 
by  one  or  two  orders  of  magnitude  required  for  most 
field  applications. 
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Table  1  Observations  of  failed  MMIC  SPST  switches. 


MMIC: 

Observations: 

I 

damage  along  control  line  to  QI7 
damage  along  control  line  above  C  input 
bits  of  metalization  at  airbridge  near  022 

2 

damage  along  control  line  to  017 

4 

top  left  10%  of  chip  gone 
damaged  area  near  control  line  input 

5 

no  visible  damage 

6 

damage  along  control  line  to  Q17 
bits  of  metalization  everywhere 

7 

damage  to  Q20,  Q21 

gate,  source,  drain  metalization  melted 

9 

damage  at  cross-over  intersection  between  C  and  C1 

10 

damage  at  cross-over  intersection  between  C  and 

C 

Table  2.  Observations  of  failed  MMIC  SPDT  switches. 


MMIC: 

Observations: 

1 

damage  at  intersection  of  C  and  C 

2 

no  visible  damage 

3 

severe  damage  to  C  and  C 

4 

damaged  C  line 

5 

damaged  C  and  C  line 

6 

no  visible  damage 

8 

burned  out  RFin  line  segment 

9 

severe  damage  to  C  and  C 

10 

severe  damage  to  C  and  C 
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1.  ABSTRACT 

The  picosecond  electro-optic  (e.-o.) 
sampling  technique  is  an  established  test 
technique  for  testing  signals  in  monolithic 
microwave  integrated  circuits  (MMICs). 
However,  with  regard  to  existing  trends  in 
MMICs  shrinking  feature  sizes  wilt  restrict  its 
applicability  in  the  future  due  to  its  limited 
spatial  resolution  in  the  order  of  several  micro¬ 
meter.  In  this  paper  an  e.-o.  sampling  system 
which  overcomes  this  limitation  will  be 
introduced.  By  using  the  technique  of  a  near 
field  scanning  optical  microscope  with  its 
inherent  submicrometer  spatial  resolution 
combined  with  a  pulsed  laser  system  measure¬ 
ments  of  circuit  internal  signals  with  pico¬ 
second  temporal  resolution  will  be  shown  for 
MMICs  based  on  GaAs-substrate.  The 
extension  of  this  new  test  technique  to  Si-based 
microelectronic  devices  is  discussed. 


2.  INTRODUCTION 

MMICs  with  submicrometer  feature  sizes 
and  working  frequencies  above  1 00  GHz  are 
already  realized  (Refs.  1,  2).  Therefore,  for  the 
characterization  of  device  function  as  well  as 
for  design  and  simulation  verification  a  test 
technique  with  both  high  temporal  and  high 
spatial  resolution  is  required. 

The  contactless  electron  beam  test 
technique  (Refs.  3,  4)  is  well  established  and 
well  suited  for  probing  within  MMICs  in  the 
submicrometer  region.  However,  its  temporal 


resolution  is  limited  by  the  transit  time  effect  of 
the  secondary  electrons  (Refs.  5,  6)  and 
therefore,  not  longer  applicable  to  higher 
frequencies. 

Another  established  test  technique  is  the 
contactless  working  e.-o.  sampling  technique 
based  on  the  Pockels  effect  (Refs.  7,  8).  For 
this  test  technique  a  lot  of  applications  have 
been  presented  (Refs  9  -  12).  The  e.-o. 
sampling  technique  achieves  a  superior 
temporal  resolution  but  suffers  from  limited 
spatial  resolution  due  to  focus  restriction  based 
on  the  wavelength  of  the  used  laser  beam  in  the 
micrometer  region. 

On  the  other  hand  a  near  field  scanning 
optical  microscope  (NSOM)  offers  the 
potential  of  nanometer  spatial  resolution  (Refs. 
13,  14).  By  combining  an  e.-o.  sampling  system 
with  the  technique  of  a  NSOM  a  picosecond 
e.-o. -NSOM  sampling  system  with  submicro¬ 
meter  spatial  resolution  seems  to  be  realizable. 
To  our  knowledge,  no  work  on  this  topic  has 
been  shown,  yet. 

Therefore,  we  present  a  new  contactless 
test  system  based  on  the  technique  of  a  NSOM 
that  combines  the  submicrometer  resolution 
from  scanning  probe  microscopy  techniques 
with  the  gigahertz  bandwidth  of  an  e.-o. 
sampling  system.  In  order  to  demonstrate  the 
usability  of  the  new  test  technique  we  use  the 
e.-o.  effect  in  a  MMIC  based  on  GaAs- 
substrate  to  measure  circuit  internal  high  speed 
signals.  Due  to  the  fact,  that  most  of  the  ICs 
are  based  on  SI  we  discuss  the  extension  of  this 
new  test  technique  to  Si-based  microelectronic 
devices. 
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THEORY  OF  OPERATION 

The  e.-o.  sampling  technique  is  based  on 
the  linear  e.-o.  effect  or  the  Pockels-effect  in 
noncentric  crystals  (Fig.  1).  Hereby,  the  local 
electric  field  in  the  substrate  changes  the 
optical  properties  of  the  GaAs  in  such  a 
manner  that  the  orthogonal  components  of  a 
laser  beam  polarized  in  the  x-y-plane  and 
traveling  in  the  z-direction  get  a  phase 
retardation  of  Ar.  This  phase  retardation  is 
solely  caused  by  the  influence  of  the  electric 
field  component  Ez  being  normal  to  the  device 
surface.  For  a  trip  (z  =  0  to  z  =  h)  of  the  laser 
beam  from  the  back  side  of  the  MMIC- 
substrate  to  the  substrate  front  side  (test  point) 
the  phase  retardation  is: 

Ar^^r^E.dz  (1) 

K  i= o 

(2  n/X)-fiQ-r4[  is  a  constant  with  rig  the 
index  of  refraction  in  absence  of  an  electric 
field,  r41  the  linear  e.-o.  coefficient,  and  X  the 
wavelength  of  the  laser  beam.  The  phase 
retardation  can  be  converted  into  an  intensity 
variation  of  the  detected  laser  beam  after 
having  pa-'ed  a  Pockels-cell.  The  intensity  / 
detected  by  the  photodiode  is  given  by: 

j=h 

/  ~  J  Ejdz  «  V,  (2) 

2=0 

where  Fis  the  voltage  between  the  back  side  of 
the  substrate  and  the  test  point. 

The  principle  of  a  NSOM  is  based  on  the 
Fresnel  diffraction  or  optical  near  field  effect 
(Ref.  16)  where  the  optical  wavefront  at  a 
diffracting  aperture  cannot  be  longer 
considered  as  planar  but  the  wavefront 
curvature  must  be  taken  into  acount.  By 
positioning  a  fiber  with  a  small  aperture  d 
\d  «  X)  into  the  optical  near  field  of  a  light 
source  (distance  light  source/fiber  8  «  X)  and 
collecting  the  light  with  the  fiber  a  nanometer 


resolution  is  achievable  limited  by  the  aperture, 
only  (Refs.  13,  14). 

In  the  e.-o. -NSOM  an  optical  fiber  is 
immersed  into  the  optical  near  field  of  the 
illuminating  laser  beam  above  the  test  point 
(see  inset  of  Fig.  1).  Hereby,  the  laser  beam  is 
focussed  with  a  microscope  objective  lense 
through  the  substrate  onto  the  test  point  and  is 
partly  reflected  from  the  GaAs/air-interface. 
The  remaining  part  of  the  laser  beam  is 
transmitted  through  the  substrate  and  partly 
collected  by  the  fiber.  The  polarization  of  the 
illuminating  laser  beam  is  changed  by  the 
electric  stray  field  component  Ez  inside  the 
GaAs-substrate  which  can  be  converted  into  a 
change  of  the  detected  laser  beam  intensity 
resulting  in  a  measure  which  is  proportional  to 
the  test  point  signal. 


small 


Fig.  1:  Test  geometry  for  probing  coplanar 
MMICs  with  pulsed  illumination  laser  beam 
and  a  fiber 


TEST  STRUCTURE  AND 
EXPERIMENTAL  SET-UP 

The  MMIC  used  for  the  measurements  is 
a  test  structure  built  up  on  a  2  x  3  mm^  wide 
and  510  (im  thick  semi-insulating  GaAs-chip 
(Fig.  2a).  It  consists  of  a  set  of  coplanar 
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waveguides  with  a  line  width  of  40  fim  and 
spacing  of  26  pm  to  the  outer  ground  planes. 
The  electrodes  are  of  gold,  3  pm  thick,  and 
have  an  impedance  of  50  fl  For  the 
measurements  only  the  lowest  coplanar 
waveguide  within  the  test  structure  is  used. 
The  test  structure  itself  is  mounted  on  a  glass 
carrier  (Fig.  2b)  on  which  there  are  also  two 
50  fl  coplanar  transmission  lines.  Electric 
connections  to  the  GaAs-chip  are  made  by 
bondwires.  Finally,  at  the  outer  end  of  the  glass 
carrier  there  are  transitions  from  coplanar  to 
coaxial  transmission  lines. 


Fig.  2:  Layout  of  the  test  structure  (a)  with 
three  different  coplanar  waveguides  based  on  a 
510  mm  thick  semi-insulating  GaAs  substrate 
and  glass  carrier  (b) 


The  experiments  are  carried  out  with  a 
modified  commercial  NSOM  (TopoMetrix 
Aurora  (Ref.  16))  adapted  to  an  e.-o.  sampling 
system  (Ref.  11)  as  shown  in  Fig.  3.  The  laser 
beam  enters  the  MMIC  from  the  back  side.  The 
transmitted  part  of  the  laser  beam  is  partly 
collected  via  the  fiber,  analysed  by  a  Pockels 
cell  and  fed  into  photodiodes.  Two  high 


sensitive  photodiodes,  optimized  for  the 
wavelength  of  1064  nm,  detect  separately  the 
intensity  of  the  two  orthogonal  polarization 
components  of  the  polarized  laser  beam  and  an 
oscilloscope  or  a  lock-in  amplifier  measures  the 
difference  signal  in  magnitude  giving  a  measure 
of  the  amplitude  of  the  normal  component  Ez 
of  the  electric  field  within  the  MMIC  substrate. 

The  MMIC  under  test  is  driven  by  a 
microwave  synthesizer  tuned  to  exactly  the  N- 
th  harmonic  of  the  laser  pulse  repetition 
frequency  with  a  frequency  offset  A/  of  4  kHz. 
By  using  the  harmonic  mixing  technique  (Ref. 
8),  the  frequency  spectrum  of  the  laser  beam 
pulse  is  mixed  with  the  spectrum  of  the 
microwave  signal  resulting  in  a  transformation 
of  the  microwave  signal  frequency  /  down  to 
the  frequency  A/ which  can  easily  be  processed 
furtheron. 


Fig.  3:  Experimental  set-up  for  e.-o.-NSOM 
measurements 


5.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

In  all  following  experiments  we  show  the 
possibility  of  time  resolved  e.-o.  measurements 
with  an  e.-o.-NSOM.  All  experiments  have 
been  performed  with  an  average  power  of  the 
illuminating  laser  beam  of  about  200  mW.  The 
test  point  was  always  on  the  lowest  waveguide 
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indicated  in  Fig.  2.  The  waveforms  have  been 
averaged  100  times. 

The  spatial  resolution  of  a  NSOM  is  well 
investigated  and  50  nm  are  still  achievable  with 
fiber  tips  50  nm  (Ref.  17). 

For  the  first  two  experiments  the  applied 
signal  has  been  sinusoidal  with  a  frequency  of 
4  kHz  which  is  the  frequency  offset  4 f  ■  These 
experiments  have  been  made  in  order  to  show 
the  linearity  of  our  test  system  and  to  make  a 
direct  comparison  between  signals  measured 
with  the  e.-o.-NSOM  and  an  oscilloscope. 
With  the  third  experiment  we  demonstrate  the 
high  temporal  resolution  obtainable  with  the 
new  test  system. 

Referring  to  Eq.  2  the  e.-o.-NSOM 
measured  signal  depends  linearly  on  the  applied 
test  point  voltage.  Fig.  4  shows  the  measured 
signal  as  a  function  of  the  applied  test  point 
voltage.  A  very  good  linearity  for  typical 
MMIC  voltages  can  be  observed. 
Measurements  below  3  V  test  point  voltage  are 
not  performed  because  of  the  bad  signal  to 
noise  ratio. 


applied  voltage 


Fig.  4:  e.-o.-NSOM  measured  signal  versus 
applied  test  point  voltage. 


In  the  second  experiment  the  e.-o.- 
NSOM  measured  signal  is  compared  with  the 
output  of  the  waveguide  measured  with  an 
oscilloscope.  Apart  from  some  noise  the  e.-o.- 
NSOM  measured  signal  (Fig.  5  lower  curve)  is 


identical  with  the  oscilloscope  measured  signal 
(Fig.  5b  upper  curve). 


Fig.  5:  e.-o.-NSOM  measurement  (lower 
curve)  of  a  signal  waveform  at  4  kHz.  For 
comparison  a  waveform  measured  with  an 
oscilloscope  is  also  shown  (upper  curve).  The 
applied  power  level  was  30  dBm. 


In  the  last  experiment  a  microwave  signal 
with  a  frequency  of  7.59  GHz  has  been 
measured  (Fig.  6).  The  applied  sinusoidal 
waveform  can  be  clearly  seen.  The  decrease  in 
the  signal  to  noise  ratio  results  from  the 
specific  transmission  characteristic  of  the  used 
glass  carrier. 


Fig.  6:  e.-o.-NSOM  measurement  of  a  signal 
waveform  at  7.59  GHz.  The  applied  power 
level  was  25  dBm. 
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6.  APPLICATION  TO  E.-O.  SAMPLING 
OF  Si-BASED  DEVICES 

Most  of  the  ICs  are  based  on  Si- 
substrate.  There  is  also  a  trend  towards  higher 
operation  frequencies  and  higher  bandwidth.  In 
contrast  to  GaAs  Si  does  not  show  the  e.-o 
effect,  because  it  has  a  centric  crystal  structure. 
Therefore,  at  microelectronic  devices  based  on 
Si-substrate  the  substrate  cannot  be  used  as  an 
e.-o.  modulator.  In  this  case  the  indirect  e.-o. 
sampling  technique  has  to  be  used  (Refs.  7, 
10).  Hereby,  an  e.-o.  probe  tip  is  immersed  into 
the  electric  stray  field  above  the  test  point.  The 
laser  beam  is  focussed  through  this  tip,  is 
reflected  from  the  test  point,  and  its 
polarization  is  modulated  within  the  e.-o.  probe 
tip. 

To  performe  indirect  e.-o.  sampling  with 
a  NSOM,  an  optimized  NSOM-fiber  showing 
the  e.-o.  effect  within  the  fiber  geometry  as 
shown  in  Fig.  7  has  to  be  built.  The  standard 
NSOM  fiber  is  combined  with  an  e.-o.  crystal 
of  thickness  t«X.  The  transparent  electrode 
between  the  NSOM-fiber  and  the  e.-o.  crystal 
acts  as  a  reference  electrode.  By  positioning 
the  e.-o.  fiber  tip  in  a  distance  S  «  X  above 
the  test  point  and  by  grounding  the  reference 
electrode  a  calibrated  voltage  measurement  is 
possible. 


Fig.  7:  e.-o.-NSOM  fiber  geometry  for  indirect 
e.o.  sampling  with  voltage  measurement. 


7.  CONCLUSION 

The  possibility  to  measure  electro- 
optically  ultrafast  signals  with  a  e.-o.-NSOM 
has  been  demonstrated  up  to  7,5  GHz.  The 
measurements  have  been  performed  on  a 
MMIC  based  on  GaAs- substrate  Additionally, 
we  discussed  the  extension  of  this  new  test 
technique  to  e.-o.  sampling  of  Si-based 
devices. 
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Abstract  -  The  knowledge  of  the 
scattering  and  of  the  noise  parameters  gives 
a  complete  description  of  the  radio 
frequency  operation  of  a  linear  two-port 
circuit. 

In  this  work,  the  measurement  of  these 
parameters,  together  with  the  d.c. 
parameters,  has  been  performed  on  low 
power,  low  noise  pseudomorphic  high 
electron  mobility  transistors  during  a 
reliability  test  of  thermal  cycles  executed 
according  to  MIL-STD883D. 


The  reliability  of  HEMTs  and  of 
pseudomorphic  HEMTs  was  studied  in 
previous  works  (Ref.  1,2)  with  storage  tests 
at  high  temperature  with  and  without  bias. 
The  main  failure  modes  detected  during 
these  tests  were  the  burn  out  and  the 
degradation  of  the  Schottky  barrier  that 
started  around  170  °C.  All  these  failures 
involve  the  metallizations  in  such  a  way  that 
what  has  happened  in  the  semiconductor 
layers  is  hidden  to  the  electrical 
measurements. 

In  this  work,  to  avoid  the  early  degradation 
of  the  metallizations,  a  different  test  has 
been  performed:  a  thermal  cycles  test 
without  bias  with  an  higher  temperature  of 
125  °C.  During  the  test,  after  a  fixed 
number  of  cycles,  the  performances  of  the 
PHEMTs  were  accessed  in  d.c.  as  well  as 
in  RF;  the  Id-Vds  curves,  the  Ig  reverse, 
the  Ig  forward  and  the  transconductance 
were  measured  along  with  the  scattering 
and  noise  parameters  between  2  GHz  and 
26  GHz,  frequencies  in  the  range  of 
employment  of  the  studied  components. 
After  the  description  of  the  PHEMTs  under 
test,  of  the  reliability  test  and  of  the 
measurements  performed,  the 
measurements  of  the  scattering  parameters 


and  of  the  noise  parameters  are  presented 
together  with  the  d.c.  measurements. 

1.  PHEMTs  AND  THERMAL  CYCLES 
TEST 

The  components  under  test,  shown  in 
figure  1,  are  AlGaAs/InGaAs/GaAs  in  chip 
pseudomorphic  HEMTs  guaranteed  up  to 
35  GHz  with  a  typical  optimum  noise  figure 
at  18  GHz  of  1.5  dB,  a  gain  of  13  dB  at  12 
GHz  and  a  maximum  power  dissipation  of 
400  mW.  To  perform  the  measurements, 
these  devices  were  attached  on  a  carrier  of 
gold  plated  brass  on  allumina  with  an 
eutectic  die  attach  (Preform  AuSn  (80%  Au, 
20%  Sn).  Stage  temperature:  290  °C  ±  5  °C) 
as  specified  in  the  data  sheet.  The  bonding 
was  made  by  thermocompression  in  a  class 
1000  clean  room. 


Fig.  1  -  SEM  photo  of  a  component  under 
test. 


The  thermal  cycles  test  was  performed  on 
more  than  six  PHEMTs  according  to  MIL- 
STD883D,  Test  Method  1010.7,  test 
condition  B  that  provides  that  the 
components  must  be  placed  at  -55  °C  for  ten 
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minutes  and  at  125  °C  for  other  ten  minutes 
with  a  transfer  time  from  the  cold  to  the  hot 
temperature  of  less  than  1  minute.  This  test 
is  supposed  to  stress  the  semiconductor 
layer  of  InGaAs  which  forms  a 
thermodynamically  metastable  structure 
(Ref. 2)  with  the  upper  doped  AlGaAs  layer 
and  the  lower  G&As  buffer  layer.  The 
InGaAs  layer  is  twisted  on  its  lattice  planes 
due  to  the  lattice  constant  mismatch  between 
the  semiconductors  and  the  thermal  cycles, 
in  case  of  different  thermal  expansion 
coefficients,  could  increase  the  twisting  and 
produce  modifications  in  the  semiconductor 
layers  structure. 

2.  MEASUREMENTS  PERFORMED 

After  a  fixed  number  of  thermal  cycles,  the 
scattering  parameters  Sn,  S21,  S12,  S22 
(Ref.3)  and  the  noise  parameters;  the  noise 
figure  minimum  Fmin,  the  equivalent  noise 
resistance  Rn  normalized  on  the 
characteristic  impedance  of  50  Ohm  and  the 
optimum  input  reflection  coefficient  r  were 
measured.  The  experimental  set-up  built  for 
this  purpose  with  an  HP  and  Cascade 
instrumentation  is  presented  in  Figure  2 
(Ref.4). 


Fig.  2  -  Experimental  equipment  for  scattering  and 
noise  measurements. 

It  measures  the  scattering  parameters 
directly  with  the  network  analyzer  HP8510, 
while  the  measurement  of  the  noise 
parameters  employs  a  tuner  Cascade, 
named  Input  in  the  figure,  that  applies  9 


different  impedances  to  the  PHEMT  under 
test.  Using  the  classical  measurement 
approach  of  IRE  (Ref.5),  the  noise 
parameters  are  extracted  from  the  noise 
figure  measurements  made  by  an  HP8970B 
equipped  with  an  HP8971C.  This 
experimental  set-up  can  work  between  45 
MHz  to  26.5  GHz,  but  the  measurements  in 
this  work  are  performed  at  the  frequencies 
of  employment  of  the  PHEMTs. 

Together  with  the  radio  frequency 
measurements,  also  the  principal 
characteristics  in  d.c.:  the  curves  I  versus 
V,  the  transconductance  at  3Vds,  the 
forward  gate  current  Igf  and  the  reverse 
gate  current  Igr  were  measured. 

3.  EXPERIMENTAL  RESULTS 

During  the  test,  variations  were  detected  on 
the  scattering  parameters  S21,  S12  and  Sj j 
and  on  the  noise  parameters  r  and  Rn.  The 
number  of  components  on  which  these 
variations  were  detected  and  the  number  of 
thermal  cycles  at  which  they  were  measured 
are  shown  in  Table  I. 


Tab.  I  -  Parameters  that  varied  during  the  test, 
number  of  components  on  which  the  variations 
were  detected  and  number  of  thermal  cycles  executed 
before  them. 

3.1  Scattering  parameters  measurements 

The  typical  trend  of  the  modulus  of  the 
scattering  parameter  S21  versus  frequency 
during  the  test  is  shown  in  figure  3  that 
shows  that,  after  20  cycles,  a  decrease  of 
the  forward  gain,  to  which  S21  is  linked, 
has  occured.  S21,  like  other  parameters 
shown  in  this  paper,  is  drawn  on  a 
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Cartesian  graph  instead  that  on  a  polar 
diagram  because  from  a  Cartesian  graph  is 
sometimes  easier  to  appreciate  the  variations 
of  the  measured  parameters. 


Fig.  3  -  S21  modulus  measured  on  a  PHEMT  under 
test. 

The  percentage  variations  of  IS21I  as  to  the 
initials  values  in  dB  have  been  calculated  to 
be  of  about  -20%,  with  the  exception  of  one 
device  in  which  it  strangely  varied  of 
+20%. 
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test. 

As  the  other  parameter  S12  is  concerned,  it 
showed  a  variation  well  evident  also  on  the 
polar  diagram  (Fig.4).  On  this  device  the 
modulus  of  S12  (dB)  varied  versus 
frequency  from  0  to  +100%  at  26  GHz  and 
on  another  device  its  variation  was  between 
5%  at  2  GHz  and  16%  at  26  GHz. 


The  scattering  parameter  S12  is  linked  to  the 
reverse  gain,  and  in  this  case  indicates  that 
the  insulation  between  the  output  and  the 
input  of  the  device  is  getting  worse. 

Also  a  great  variation  of  the  modulus  of  the 
other  parameter  S11,  from  20%  at  2  GHz 
(Initial  value  =  1)  to  -70%  at  22  GHz 
(Initial  value  =  0.S),  was  detected  on  one 
device. 

3.2  Noise  parameters  measurements 


Fig.  5  -  Per  cent  variations  of  T  modulus  versus 
frequency. 

Among  the  noise  parameters,  the  modulus 
of  the  optimum  reflection  coefficient  r  had 
great  variations  on  two  devices,  even  of 
about  -55%  at  25  GHz  (Initial  value  =  0.6). 
The  trend  of  the  variations  of  this  parameter 
versus  frequency  (Fig.  5)  is  similar  for  the 
two  devices  on  which  it  happened. 


Fig.  6-  Normalized  noise  resistance  measured  on  a 
PHEMT  under  test 
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On  the  other  hand,  the  equivalent  noise 
resistance  Rn  increased  between  +30%  and 
+80%  on  four  devices  out  of  the  six  tested. 
On  the  remained  two  devices,  Rn  had  a 
different  behaviour  that  must  be  studied 
further.  The  typical  trend  of  Rn  versus 
frequency  is  shown  in  figure  6. 

Probably,  after  20  cycles,  the  devices  were 
put  in  an  unstable  and  noisier  configuration 
(Fig.  6,  curve  at  20  c.)  from  which  they 
decaded  after  30  cycles,  founding  a  new 
state  still  noisier  than  that  before  the  starting 
of  the  test. 

3.3  p.c.  measurements 

During  the  test,  no  remarkable  variations  in 
the  d.  c.  measurements  Ig  forward,  Ig 
reverse,  transconductance  and  I-V 
characteristic  were  measured.  Besides,  the 
examination  of  the  components  with  the 
optical  and  SEM  microscopes,  that  is  in 
course,  till  now  has  not  shown  any 
components  degradation. 

4.  CONCLUSIONS 

The  measurements  of  the  scattering  and  of 
the  noise  parameters  together  with  the  d.c. 
measurements  is  a  complete  procedure  to 
verify  the  functioning  of  the  PHEMTs 
under  test  and  to  detect  variations  in  their 
characteristic  that  can  cause  in  circuit 
misfunctioning. 

The  RF  parameters  have  shown  an  higher 
sensitivity  than  the  d.c.  parameters  to  the 
modifications  induced  in  the  PHEMT 
structure  by  the  thermal  cycles  test  but  the 
interpretation  of  the  many  results  obtained 
is  not  easy.  The  variations  of  the  parameters 
are  abrupt,  and  happen  after  a  number  of 
thermal  cycles  that  make  the  devices  to 
assume  structural  configurations  with 
different  RF  properties.  Probably  some  of 
these  configurations  can  even  improve  the 


initial  scattering  and  noise  characteristics  of 
the  components,  so  that  the  anomalous 
variations  seen  on  some  measurements  can 
be  explained. 

A  further  work  with  another  more 
controllable  test,  for  example  a  storage  test 
under  170°C,  not  to  stress  the 
metallizations,  with  applied  bias  and  with 
use  of  analytical  techniques,  could  be  useful 
to  give  a  deeper  interpretation  of  these 
aspects  of  PHEMTs  reliability. 
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RELIABILITY  IN  AUTOMOTIVE  ELECTRONICS  -  A  REVIEW. 


R.  Rathbone  B.Sc.-  Elmos  GmbH,  Dortmund 


I.  INTRODUCTION 

No  branch  of  industry,  besides  the  aero-space  industry, 
has  ever  been  placed  in  a  more  stringent  requirement 
for  quality  and  reliability  than  todays  automotive 
industry;  and  this  using  a  cost  structure  for  packaging 
and  assembly  techniques  appropriate  to  consumer 
products.  Failures  of  components  in  normal  consumer 
products  can  cause  discomfort,  but  because  of  the  trust 
we  place  in  the  motorcar,  failures  in  automotive 
applications  can  be  a  matter  of  life  and  death.  Thus 
safety  takes  prime  position  in  the  list  of  desired 
improvements;  safety,  environment  friendly 
performance,  comfort,  and  reduced  cost. 

Formerly,  the  reliability  of  automotive  electrical 
systems  was  dominated  by  failure  in  contacts  and 
connectors,  but  the  drive  towards  more  and  better 
functionality  at  lower  cost  is  clearly  replacing 
kilograms  of  copper  wiring  (up  to  2000  m)  with 
micrograms  (or  mm2)  of  silicon  chip,  as  illustrated  in 
the  modern  Smart  Power  Bus  Systems,  such  that  the 
growth  in  the  electronic  content  of  automobile 
manufacturing  costs  can  truly  be  described  as 
explosive. 

We  must  be  sure  that  this  rapid  growth  in  the  use  of 
microelectronics  is  accompanied  by  attention  to 
reliability,  especially  when  safety  is  involved,  in  a 
field  where  somewhat  different  rules  dominate, 
compared  with  the  previous  main  body  of  electronic 
reliability  studies. 

Although  automotive  system  suppliers  are  proud  to 
announce  electronic  modules  with  lifetimes  up  to  30 
years  which  far  outlive  the  other  vehicle  components, 
the  typical  vehicle  life  is  about  17  years  with  a  variety 
of  overstress  conditions  punctuated  by  10  to  20 
thousand  switching  disturbances  and  temperature 
cycles,  for  a  functional  life  as  short  as  5000  hrs. 

2.  EVOLUTION 

In  the  last  three  decades  there  have  been  three  distinct, 
but  overlapping,  phases  of  automotive  electronic 
development  as  described  in  the  literature  (Ref.l.)  and 
illustrated  in  Fig.l. 

Initially,  through  the  70's,  many  stand-alone  functions 
were  developed  as  simple  add-on  components,  such  as 
electronic  ignition  or  digital  clocks;  the  motivation 
being  to  increase  functionality,  to  improve  reliability 
by  replacing  mechanical  functions,  or  to  reduce 
manufacturing  costs. 


Standard  discrete  components  and  SSI  standard  ICs 
were  mostly  used  on  single  level  PC  boards  because  of 
their  availability. 

The  second  phase,  through  the  80's,  saw  a  strong 
increase  in  the  level  of  digital  electronic  complexity 
and  a  greater  degree  of  integration  at  the  component 
level  (MSI  and  LSI),  which  was  accompanied  by  a 
higher  degree  of  communication  between  the 
components  themselves  and  also  with  sensors  and 
actuators.  Attention  was  given  to  fuel  injection  and 
engine  control  management  because  of  the  laws 
initiated  in  the  US  on  exhaust  emission  control,  and 
more  powerful  cars  were  demanding  better  safety 
features  like  ABS  braking  systems.  This  increased 
complexity  raised  questions  of  reliability,  in  particular 
because  of  the  large  number  of  electrical  connections 
of  all  types  (mechanical,  solder  joint,  bond  wires) 
involved,  and  because  of  the  known  inadequate 
reliability  of  some  connections.  For  example  since  it 
was  known  that  solder  joints  have  a  potential  failure 
rate  in  excess  of  200  ppm  over  the  predicted  lifetime  of 
the  car,  concepts  such  as  the  'Vital  Core'  electronics 
were  developed  with  important  safety  and  performance 
functions  fabricated  using  either  early  ASICs  or  hybrid 
modules,  mounted  on  PCBs,  but  containing  a 
minimum  number  of  solder  cobnnections.  But  the  cost 
of  the  hybrid  approach  was  not  acceptable  for  wider 
application. 

In  the  third  of  the  evolutionary  phases,  into  the  90‘s, 
the  automotive  electronic  designers  have  been  able  to 
design  more  completely  integrated  systems  from  the 
ground  up,  with  the  purpose  of  optimizing  the  vehicle 
electronic  system  for  reliability,  flexibility, 
adaptability,  and  lower  cost. 

Several  trends  have  become  established  in  this 
optimization  process.  Standard  integrated  circuits  have 
been  replaced  by  mixed  signal  ASICs,  not  only  because 
they  provide  optimum  technical  and  cost  partitioning 
of  the  electronic  sub-systems,  but  also  because  a  high 
density  of  reliable  interconnections  can  be  placed 
within  the  chip  metalization  and  at  the  bond  wires  to 
the  ASIC,  where  higher  reliability  is  obtained  than  at 
those  connections  external  to  the  ASIC.  The  number  of 
solder  joints  in  the  whole  system  can  be  further 
minimized  by  adoption  of  multiplexed  single  or  dual 
wire  Bus  systems  which  are  gaining  in  popularity  not 
only  because  of  the  reduced  costs  of  wiring  and 
connectors,  hut  also  because  of  their  increased  fault 
diagnostic.  A  generalized  Bus  system  with  distributed 
control  architecture  is  shown  in  Fig.2.  Presently  such 
systems  with  30  to  40  interfaces  per  bus  line  are  being 
introduced  in  high  end  vehicles  like  the  new  700  series 
of  BMW. 
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Fig.  1  Three  Decades  of  Automotive  Electronics 


Future  Bus  systems  will  not  have  a  large  centralized 
computer,  but  will  rely  on  distributed  intelligence.  The 
implications  of  the  bus  system  feed  forward  into  future 
ASIC  chip  design  as  illustrated  in  fig.  3. 

Such  ASICs  will  include  the  following  functional 
blocks: 

-  Sensor  Interface  Electronics 
Microprocessor  Core  (8  or  16  Bit) 

Memory  (Both  RAM,  ROM  and  EEPROM) 

-  Internal  Regu'ated  Power  Supply 

-  2-Way  Bus  Interface  (Communications  Port) 
Smart  Power  Output  to  drive  Actuators. 

A  mixed  signal  Smart  Power  ASIC  technology  is  called 
for  in  a  high  level  of  complexity  together  with  the  need 
of  a  package  to  dissipate  the  heat  generated  by  the 
output  drivers.  These  features  in  themselves  indicate 
that  in  future  even  higher  reliability  will  be  demanded 
from  the  Smart  Power  ASICs  because  the  weight  of 
functionality  and  connectivity  is  concentrated  in  them. 
To  date  microelectronic  design  and  technology 

development  has  kept  pace  with  the  demands  of 
complexity  and  reliability  placed  on  them.  Fig.4 
demonstrates  the  dramatic  improvement  in  ASIC 
reliability,  expressed  as  AOQE,  achieved  in  the  last 
few  years,  and  by  the  established  principles  of 
continuous  improvement  we  expect  the  trend  to 
continue. 

In  parallel  with  the  improvements  indicated  for 
components,  a  wide  range  of  automotive  system 
improvements  have  been  introduced: 

-  Suitable  components  are  now  used  in  well  located 
positions. 

-  More  exact  control  of  incoming/outgoing  quality 
(AOQ). 


Buv 

Lock  Core 

Sensor 

Interface 

Interface 

MP(IUSC) 

D.VfOS 

Driver 

Fig.  2  Bus  System 


Fig.  3  Automotive  ASIC  System  I.C 


-  Fewer  system  components  used,  leading  to  less 
connectors  and  contacts. 

-  Robust  system  design  (built-in  quality/design  for 
reliability). 
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-  Improved  materials  and  design  for  connectors, 
fault  detection  and  self  test  methods. 

-  Optimized  reliability  tests  for  temperature 

extremes  and  shock. 

-  Improved  development  methods  and  tools 

(simulation,  CAD). 

-  Return  and  analysis  of  failed  customer  parts  to 
continuously  feed  back  improvements. 

Better  training  of  service  personel  in  electronic 
systems,  diagnostics  and  repair. 


Fig  4.  ASIC  Reliability  continuous  improvement 


Another  feature  of  the  ASIC  concept  outlined  above  is 
that  the  availability  of  fairly  massive  amounts  of 
memory  capacity,  either  on-chip  or  externally 
connected,  enables  comprehensive  data  collection  of 
system  parameters  for  the  improvement  of  performance 
and  reliability,  via  measured  maintenance  requirement 
or  failure  rate  reduction.  Such  systems  will  require  a 
large  future  investment  in  software  protocols  and  tools. 
In  the  latter  part  of  the  indicated  third  phase  of 
automotive  electronic  evolution  there  will  be  further 
innovations  in  the  areas  of  safety,  environmental 
friendliness,  performance  and  comfort.  We  expect  to 
see: 

-  More  common  use  of  Airbags  and  other  crash 
protection. 

-  Electronic  suspension  control. 

-  Radar  distance  measurement  and  warning. 

-  Navigational  aids. 

-  Foolproof  anti-theft  devices. 

And  many  other  advanced  features. 

The  electronic  content  of  motor  cars  has  increased  by  a 
factor  of  ten  in  the  last  ten  years.  Fig.5  shows  that  by 
the  year  2000  high-end  motor  cars  will  embody  up  to 
$20,000  of  their  manufacturing  costs  in  electronic 
systems  and  low-end  cars  over  $6,000  Whereas  6%  of 
the  world  sales  of  semiconductors  (total  value  $ 
4,8Bio)  in  1993  went  into  motor  cars,  by  the  year  2 000 
automotive  electronics  will  become  one  of  the  biggest 
single  markets  for  semiconductors  at  greater  than  $25 
Bio. 
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Fig.  5  Average  Vehicle  Semiconductor  Content 

y.  ENVIRONMENT 

The  extreme  physical  environment  encountered  by 
automotive  electronic  components  is  shown  in  the  table 
in  Fig.6,  from  Ref.  1,  for  the  three  main  component 
locations.  Engine  compartment  applications  combine 
the  most  extreme  combination  of  temperature  range 
(-40  to  +  200°C),  humidity  (95%  at  40°C),  salt  spray, 
mechanical  shock  (20g  at  1  KHz),  and  thermal  shock 
(l00°C/min.);  conditions  which  are  not  easily  avoided 
because  relocation  would  run  contrary  to  the 
requirement  to  reduce  the  wiring  harness.  Generally 
todays  ICs  are  being  specified  at  -40°C  to  +150°C 
(junction  temperature)  which  requires  a  lower 
environment  temperature  according  to  chip  power 
dissipation,  and  means  that  system  layout  compromises 
must  be  made  with  regard  to  spacing  and  thermal 
insulation  from  the  highest  temperature  sources. 
Technology  developments,  like  SOI  technology,  may 
enable  future  ASIC  generations  to  operate  above 
200°C,  but  interconnect  and  packaging  technology 
developments  must  keep  pace  with  the  basic  silicon 
technology  to  withstand  this  high  temperature. 

Apart  from  the  locational  subdivisions  shown  above, 
two  other  main  groups  are  often  defined: 

-  Devices  which  control  vital  functions  (Ignition 
Control,  ABS).  These  are  often  refered  to  as  the 
"Vital  Core". 

-  Devices  for  information,  diagnostics  and  comfort 
(e.g.  instrumentation,  radio  etc.) 

Unfortunately,  Murphy's  Law  decided  that  the  vital 
functions  must  be  located  in  the  toughest  environment, 
which  has  had  an  appropriate  effect  on  the  assembly 
technology,  such  that  we  will  see  in  a  later  section  how 
thick  film  hybrid  techniques  are  often  used  for  vital 
functions  while  the  older  and  less  reliable  PCB 
technology  is  still  applied  to  modules  in  the  passenger 
compartment. 
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Temperature. 

Range 

Humidity 

Shock/ 

Vibration 

Engine 

•  Choke 

-40  to  200*C 

95*  (40*0 

20g,lKHz 

•  Cirfa/ 

Air  Intake 

-40  to  I25*C 

95  *(40*O 

>!00g 

Chassis 

•  Isolated 

-40  to  85°C 

98*(40“C) 

2 g.  2 KHz 

•  Extreme 

-40  to  1 75*C 

98*  (40*C) 

>100g 

Interior 

•  Front/Dashboard 

-40  to  85*C 

98*(40*C) 

!g.  20Hz 

•  Rear 

-40  to  105*C 

98*(40*C) 

Ig.  20  Hz 

Fig.6  Extreme  automotive  environment 

Design  of  ICs  must  also  match  the  environment.  ASICs 
designed  specifically  for  automotive  applications  are 
designed  for  continuous  operation  up  to  40V.  Although 
normal  car  batteries  supply  6  to  14V  depending  on 
their  condition,  this  40V  requirement  arises  as  a 
requirement  for  robust  function  against  noise 
conditions  which  can  give  voltage  spikes  up  to  150V. 
The  electronic  subsystem  in  which  the  IC  must 
function  is  then  protected  from  spikes  by  a  zener  clamp 
diode  at  37V 

n  much  the  same  way  that  an  ASIC  chip  must  be 
protected  against  ESD  damage,  it  must  also  be 
protected  at  chip  level  against  damage  from  noise 
spikes.  As  with  ESD  damage,  noise  induced  damage 
can  produce  partial  or  latent  damage  which  appears  as 
a  real  defect  or  reliability  hazard  at  a  later  date. 

An  important  and  completely  different  environmental 
condition  is  that  created  by  competition  in  the  market¬ 
place.  Intense  international  competition  in  the  last  ten 
years  has  had  a  remarkably  positive  effect  on 
improving  quality  and  reliability  of  electronic 
components  in  the  market  environment.  Abbreviations 
such  as  TQM,  JIT,  FMEA  and  QFD  are  today  the  stuff 
of  newspaper  articles,  and  the  awareness  of  all 
involved  managements  that  partnership  and  the  closest 
cooperation  between  suppliers  and  customers  lead  to 
the  best  qualitative  and  financial  results  is  alive  and 
growing 

Establishment  of  quality  Management  Systems,  and 
obtaining  ISO  9000  certification  provide  an 
organizational  framework  and  incentive  for  financial 
support  on  which  the  technical  work  for  improved 
Quality  and  Reliability  can  he  hung. 


*98 


Electronic  component  suppliers  to  the  automotive 
industry  have  been  among  the  first  to  obtain  ISO  9000 
approval.  Previously  the  Quality  Assurance  department 
of  a  company  assumed  nearly  complete  responsibility, 
rubber  stamped  by  a  managing  director,  for  the  quality 
of  the  components  or  products  delivered  by  the 
company.  Quality  was  inspected  and  controlled  into  the 
uroduct.  Today  ISO  9000  certification  calls  for  and 
examines  the  active  role  of  company  management  and 
staff  in  attaining  high  and  continuously  improving 
quality  and  hence  reliability  for  its  products.  Quality 
and  reliability  must  now  be  'built-in'  to  a  product  as 
never  before. 

Changes  in  procedures  and  processes  must  be 
documented,  and  major  changes  reported  to  the 
customer  for  necessary  requalification. 

Partnership  and  cooperation  between  vendor  and  user 
today  covers  a  much  wider  range  than  just  the 
fabrication  steps  of  a  product,  total  Quality 
Management  (TQM)  ensures  that  planning,  design, 
development,  fabrication,  test  and  JIT  delivery  are 
more  important  than  inspection  in  the  QA  department 
for  the  delivery  of  the  product  to  the  customer. 

Quality  Function  Deployment  (QFD)  is  used  in  the 
planning  and  set  up  phase  of  a  project  in  an  effort  to 
see  that  no  important  element  has  been  overlooked. 
Flow  charts  of  product  life  cycle  from  concept  through 
to  delivery  in  high  volume  production  are  set  up  such 
that  regular  check  points  are  established  under  an 
FMEA  scheme  to  ensure  that  planned  design  and 
development  steps  have  been  properly  performed  on 
time,  and  foreseeable  future  error-  are  avoided. 
Regular  audits  are  performed  on  all  elements  of  the 
Quality  System  to  ensure  proper  function  of  the  syst  im 
and  to  correct  we  iknesses. 

Mechanisms  for  customer  feedback  with  regard  to 
performance  and  reliability  are  being  installed.  Not  all 
components  which  fail  in  the  field  are  today  recovered 
for  analysis  by  the  manufacturer,  but  the  situation  is 
remarkably  belter  than  previously  and  steadily 
improving  because  of  the  pervading  mentality  which 
has  accompanied  the  introduction  of  ISO  9000. 
Corrective  measures  enabled  by  the  feedback  of  failed 
customer  parts  must  be  heavily  supplemented  by  the 
failure  analysis  of  components  which  failed  normal 
production  test,  production  or  sample  Bum-in  or 
accelerated  life  test.  Such  analysis  forms  the  single 
most  effective  path  to  product  quality  and  reliabili'y 
improvement. 

4.  AUTOMOTIVE  SUB-SYSTEMS 

A  chain  is  as  strong  as  its  weakest  link,  so  there  seems 
little  point  in  perfecting  ASIC  chip  fabrication 
technology  to  sub-ppm  reliabili'y  levels,  at  high  cost, 


if  the  surrounding  sub-systems  are  reliable  only  to  the 
many  hundreds  of  ppm  level.  We  must  thus  look  at  the 
interconnect  technology  in  general  and  the  chip 
packaging  technology  in  particular. 

4.1.  Interconnection 

Automotive  electronic  sub-systems  have  been 
traditionally  fabricated  using  either  solder  connection 
of  I C  packages  to  printed  circuit  boards  (PDIP  or 
SOI C)  or  for  reduced  contacts  ('critical  core') 
application  using  wire  bonded  chips  on  thick  film 
hybrids  mounted  on  PCBs. 

Examination  of  the  production  process  flows  for  both 
processes  reveals  that  the  hybrid  approach  can  be 
shorter  than  that  of  ICs  on  PCBs  but  because  of 
material  costs  and  available  volumes  it  is  more 
expensive.  The  hybrid  approach  undoubtedly  improved 
realiability  in  the  early  stages  of  the  development  of 
automobile  electronics,  simply  by  replacing  solder 
contacts  with  wires  bonded  to  the  hybrid  substrate. 
There  was  thus  a  tendency  to  use  hybrids  for  critical 
under-bonnet,  so  called  'critical  core'  applications  and 
standard  ICs  on  PCBs  in  the  passenger  compartment. 
'The  jury  is  still  out'  on  this  issue  because  the 
availability  of  large  scale  mixed  signal  ASIC  chips  may 
be  replacing  hybrids  because  wire  bonding  to  the 
optimal  metallization  of  ASIC  chip  and  leadframe  with 
much  lower  than  1  ppm  failure  rates  may  be  even  more 
reliable  than  wire  bonds  made  to  a  somewhat  rougher 
hybrid  metallization.  Also  ASIC  asembly  tends  to  be 
more  automated  than  hybrid  assembly  which  tends  to 
improve  reliability.  In  either  case  the  lowest  number  of 
solder  contacts  will  be  used  because  of  their  known 
lack  of  reliability  relative  to  the  wire  bonds. 

There  are  a  number  of  characteristics  of  solder  joints 
which  are  relevant  to  their  performance  and  reliability: 

-  Microstructure  of  a  solder  joint  depends  on  cooling 
rate  from  the  molten  condition,  thus  although  joints 
may  have  the  same  physical  shape  they  will  be  of 
different  microstructure  because  they  are  connected  to 
different  thermal  masses. 

-  Stress  is  caused  at  the  solder  joint  because  it  is  the 
meeting  point  of  materials  of  very  diverse  coefficients 
of  thermal  expansion;  moulding  plastic,  leadframe 
metal  and  epoxy  (FR-4)  PCB.  Stress  induced  creep  can 
result  under  typical  lifetest  conditions. 

-  fntemietallics  are  formed  between  the  common 
constituents  of  solder;  namely  tin,  copper  and  nickel; 
and  intermetallic  growth  of  several  microns  in 
thickness  at  modest  operating  temperatures  (50°C)  is 
reported  to  take  place,  accompanied  by  resistance 
changes,  during  10  year  operating  life. 

-  Solderabilitv  of  the  initially  solder  plated  (or  dipped) 
leads  is  an  important  indication  of  future  operating 
performance.  It  has  been  shown  that  poor  solderability 
leads  to  high  initial  electrical  resistance  accompanied 
by  abnormal  increases  on  accelerated  lifetest. 


-  Voids  in  the  solder  joints  are  not  infrequent  in  the 
soldering  process,  and  besides  constituting  a  reliability 
risk  they  are  mostly  indetectable  by  optical  inspection 
for  screening. 

-  Temperature  Cycling  between  -40°C  and  +  125°C  is 
known  to  be  a  difficult  test  for  solder  connections  such 
that  100  %  failure  rates  have  been  reported  in  less  than 
1000  cycles. 


Fig.  7  Probability  of  complete  function  of  solder 
joints  over  17  year  car  lifetime 


Armed  with  this  detailed  knowledge  of  the  various 
failure  mechanisms  mentioned  above  engineers  from 
Saah-Scania  (Ref  2.)  have  shown,  Fig.7,  that  less  than 
30ppm  failure  rates  of  solder  connections  in  17  years 
of  operationg  life  would  allow  a  'vital  core’  electronic 
subsystem  with  7000  solder  joints  to  function  without 
failure  with  a  probability  of  80%.  This  is  the  present 
state-of-the-art  for  solder  connections. 

4.2.  Plastic  Packages 

Cost  pressures  dictate  that  plastic  packaged  components 
will  be  used  as  frequently  as  possible  in  automotive 
electronics  within  the  limitations  of  the  reliability 
constraints. 

Formerly  ’High-Rel'  components  were  always 
assembled  in  ceramic  or  cerdip  packages  and 
aluminium  wire  bonding  was  frequently  used  to 
prevent  intermetalic  formation  on  the  aluminium  chip 
pad.  Such  assemblies  demonstrated  failure  rates  over 
operating  lifetime  of  less  than  lppm. 

Plastic  IC  packaging  was  originally  set  up  more  than 
20  years  ago  for  the  manufacture  of  low  cost  consumer 
products,  which  were  not  troubled  by  component 
failure  rates  of  200ppm.  Over  the  years  materials  and 
methods  for  plastic  assembly  have  improved  such  that 
failure  rates  of  lppm  over  operating  life  are  now 
conceivable  although  difficult  to  achieve.  Fortunately 
automotive  electronics  is  not  the  only  electronics  sector 
which  desires  low  cost  but  high  reliability  plastic 
packages,  and  the  experience  of  the 
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telecommunications  sector  can  be  passed  on  to  good 
effect. 

We  will  mention  briefly  here  some  of  the  recent 
improvements  in  methods,  materials,  analytical 
techniques  and  handling  which  have  made  quality  and 
reliability  improvement  in  plastic  packages  possible:  - 

-  Methods  such  as  the  use  of  multi-plunger  and  top- 
gate  mould  tools  have  done  much  to  reduce  wire-sweep 
which  can  cause  bond  wires  to  touch  one  another  and 
also  chip  edges.  Voids  and  delmaination  are  also 
reduced.  Designers  of  ICs  are  today  more  concious 
than  ever  before  of  the  need  to  observe  design  rules  for 
bond  pad  layout  to  facilitate  reliable  automated 
assembly. 

Solder  plating  of  leads  has  replaced  solder  dip  coating 
for  better  uniformity  control. 

-  Materials  such  as  low  expansion  epoxy  plastics  with 
higher  (165°C)  glass  transition  point  than  previously 
(150°C)  lead  to  less  stress  between  chip,  leadframe  and 
plastic  moulding.  Even  today,  however,  great  care 
must  be  taken  to  minimize  different  stress  created  by 
the  'wave  flow'  solder  process.  Modem  mould 
compounds  contain  significantly  lower  chlorine 
residues  for  reduced  corrosion  failures  under 
temperature/humidity/bias  conditions.  Low  cost 
oxidised  copper  leadframes  have  better  thermal 
conductivity  to  remove  heat  dissipation  and  better 
adhesion  to  the  mould  compound  than  previously  used 
Alloy  42  leadframes. 

-  Analytical  Techniques  such  as  the  use  of  high 
resolution  X-ray  inspection  of  bond  wires  and 
postmould  mechanical  defects,  together  with  the 
Scanning  Acoustic  Microscope  (SAM)  to  check  for 
poor  adhesion  and  delamination  of  the  plastic  at  the 
chip  surface  have  enabled  significant  improvement  in 
quality. 

-  Manual  Handling  of  the  components  during  assembly 
is  the  cause  of  many  of  the  defects  which  effect 
reliability,  such  that  replacement  of  present  semi¬ 
automatic  machines  with  complete  automation  would 
bring  further  progress  for  improved  quality  and 
reliability  in  the  future.  Careless  manual  handling 
during  assembly  can  also  lead  to  E.S.D.  defects  and 
soft  E.S.D.  defects,  even  when  surface  coated 
antistatic  device  tubes  have  been  replaced  by  volume 
conducting  tubes  to  protect  known  weakly  ESD 
protected  circuit  I/Os. 

This  is  but  a  brief  summary  of  the  interconnection  and 
packaging  methods  being  attempted  for  low  cost  but 
high  reliability  automotive  electronic  modules,  but  we 
hope  it  is  sufficient  to  show  that  good  progress  has 
been  made  and  further  scope  exists  to  enable  yet  higher 
reliability  levels  in  the  future. 


5.  COMPONENT  RELIABILITY 
REQUIREMENTS. 

Component  reliability  can  be  described  in  qualitative 
terms  where  the  time  dependence  of  failure  rate  (>.) 
follows  the  familiar  bath  tub  shaped  curve.  The 
beginning  of  the  curve  shows  the  higher  than  average 
failure  rates  of  so  called  'infant  mortality',  the  length 
of  which  is  between  minutes  and  100's  of  hours 
depending  on  operating  temperature.  Such  failures  are 
generally  related  to  chip  package  or  board 
manufacturing  defects.  These  defects  can  be  eliminated 
or  greatly  reduced  by  better  and  tighter  manufacturing 
process;  by  screening  using  Bum-in  (under  elevated 
temperature  and  dynamic  electrical  stress)  to  accelerate 
the  failure  mechanism,  or  by  better  understanding  of 
the  failure  cause. 

The  first  unstable  zone  is  followed  by  a  lengthy,  more 
stable  zone  generally  of  many  thousands  hours  (temp., 
bias  and  complexity  dependent)  where  failure  rates  are 
low  and  random  and  generally  caused  by  latent 
manufacturing  imperfections.  After  many  thousands  to 
many  tens  of  thousands  of  operating  hours  we  enter  a 
region  of  rising  failure  rate  caused  by  so  called  'wear- 
out'  mechanisms,  a  typical  example  of  which  is 
Electromigration  in  chip  level  metalization.  Although 
it  is  the  guiding  principle  in  automotive  electronic 
reliability  that  the  electronics  should  not  fail  in  30 
years  of  life,  experience  shows  that  the  actual  operating 
life  of  the  electronic  components  during  this  30  years 
is  probably  less  than  2000  hours,  such  that  most 
automotive  electronics  never  enter  the  wear-out 
mechanism  region.  Automotive  electronics  is  much 
more  plagued  by  the  variety  of  overstress  conditions 
which  can  occur  starting  with  the  2000  to  4000  switch 
on/off  cycles  which  occur  during  this  short  operational 
life.  A  list  of  known  disturbance  signals,  fig.8,  has 
been  quantified  under  ISO  7637  and  SAEJ 1113  and  is 
led  in  importance  by  the  Toad  dump'  voltage  spike, 
followed  by  the  voltage  stress  condition  caused  by  the 
back-e.m.f.  from  inductive  loads.  We  shall  see  later 
how  system  design  tries  to  deal  with  these  voltage 
overstresses.  We  must  also  not  forget  that  some  of  the 
2000  switching  cycles  mentioned  in  total  lifetime 
above  can  be  accompanied  by  extreme  temperature 
cycles  (-40°C  to  150°C);  that  5000  hours  of  salt  spray 
and  high  vibration/shock  levels  are  possible  during 
operation,  and  150  hours  of  high  level  humidity  under 
non-operating  conditions  could  also  be  encountered, 
under  extreme  circumstances. 

Basically  the  requirement  of  any  High-Reliability 
system  is  to  have  'Zero  Failures’  upon  delivery  of  the 
component  and  the  minimum  number  thereafter  during 
normal  operating  lifetime.  The  'upon  delivery' 
requirement  is  more  easily  met,  particularly  if  the 
infant  mortality  devices  have  been  eliminated  by  Bum- 
in  screening,  and  reasonable  guard-banding  of  these 
tested  electrical  parameters  is  performed. 
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Fig.  8  Voltage/liming  of  pulses  for  test  standard 
(automotive) 


We  have  seen  previously  in  Fig.4  how  the  Average 
Outgoing  Quality  Estimator  for  cumulative  electrical 
defects  (AOQE)  has  been  continuously  improved  by 
the  automotive  component  suppliers.  Between  1985 
and  1993  the  cumulative  electrical  AOQ  has  been 
reduced  from  200  ppm  to  the  region  of  4-8  ppm.  At 
the  same  time  the  AOQ  for  visual  reject  rate  has  also 
been  reduced  to  4  ppm.  By  199S  it  is  required  that 
both  of  these  defect  levels  are  defined  as  'Zero- 
Defects'.  However,  the  more  difficult  task  is  to 
eliminate  random  defects  which  occur  in  the  field, 
where  often  the  first  year  under  guarantee  is  used  to 
define  the  time  period.  We  see  below  in  Fig.9  best 
results  from  several  suppliers  for  1993  together  with 
targets  now  being  set  for  1993:  Strictly  speaking, 
hybrids  and  PCBs  should  not  be  directly  compared 
with  ICs,  but  they  are  included  for  completeness. 


SPC  and  Wafer  Level  Reliability  Testing.  We  shall 
address  both  of  these  points  in  detail  in  later  sections, 
hut  they  are  mentioned  here  to  illustrate  the  growing 
tendency  to  fix  problems  at  source  rather  than  screen 
out  defects  after  manufacture.  The  same  customer 
cooperative  and  open  mentality  can  also  be  seen  in  the 
fact  that  the  leading  component  suppliers  now  publish 
present  and  target  quality  standards,  as  example  in 
Fig.  10,  which  specify  all  aspects  of  the  manufacturing 
process  from  incoming  materials  to  shipped  product 
and  include: 

-  Lot  Reject  Rate,  LRR  (%),  Incoming  Materials. 

-  Defect  Density  (def./cm^/level)  during  wafer 
manufacture. 

-  Quality  Levels  on  Final  Product  (LPR,  AIQ, 
AOQ-EIectrical /Visual). 

Reliability/  Life-Test  Results  on  sampled  final 
product. 

SPC  results  for  Waferfab  and  Back-End  Assembly. 
In  the  last  10  years  the  following  progress  has  been 
demonstrated  in  these  areas: 

-  Lot  Reject  Rates  of  both  incoming  material  and 
material  in  process  have  been  reduced  from  10% 
to  less  than  1  % . 

Defect  Densities  per  layer  in  waferfab  have  been 
reduced  from  1  def/cm'  at  0.5pm  particle  size  to 
below  0.1  def/cm^  at  0.3pm  particle  size,  not 
withstanding  that  there  exists  an  exponential 
increase  in  particle  number  with  reduced  particle 
size  for  both  air-borne  and  liquid-borne  particles. 
1000  hour  (at  Tj  max)  Lifetest  failures  have  been 
reduced  from  1%  (10k  ppm)  to  400  ppm  and 
Temperature  Humidity  Bias  (THB)  at  85°C/85° 
R.H.  have  been  reduced  to  about  the  same  levels. 


Fig.9  Ongoing  Reliability  Improvement. 


Presently  the  1995  target  results  can  only  be  met  using 
extensive  Burn-in  programmes,  but  most  suppliers  are 
well  under  way  with  a  newer  methodology  to  prevent 
the  process  related  defects  at  source  by  extensive  use  of 


1993 

1995 

1.  MATERIAL  QUALITY 

Incoming  LRR  ( 'A ) 

<  0.8 

<  0.5 

2.  PRODUCT  AVERAGE  QUALITY 

LRR.  Electrical  A  Visual  (*) 

S  I.J 

S  1.0 

AIQ.  Electrical  (ppm) 

S  70 

S  50 

AOQE.  Electrical  (ppm) 

<  4 

Zero 

AOQE.  Visual  (ppm) 

<  4 

Zero 

3.  PRODUCT  RELIABILITY  (Failure  rate) 

Short  term  ('i  300  hour*) 

0.3 

0.03 

Long  term  (FIT) 

40 

10 

4.  WAFER  FABRICATION  A  ASSEMBLY 

Crit.  pa  ram.  Cpk  2  2 

2  SO* 

2  75* 

Cril.  param.  Cpk  2  1 .33 

2*5* 

2  95* 

Crit.  param.  Cpk  <  1.33 

2  2* 

0* 

Fig.  10  Quality  &  Reliability  Standards  1993-1995 


-  Statistical  Process  Control,  not  applied  10  years 
ago,  has  been  introduced  and  Cpg  values  have 
been  continually  improved  from  1.0  to  greater 
than  2.0,  over  the  critical  definition  points  1.33  (3 
sigma)  and  1.66  (5  sigma).  Normally  1994 
waferfabs  have  100%  of  all  critical  process  steps  at 
Cpfc>1.33  and  60%  with  Cp|c>2.0.  Similar 
values  are  reported  for  machine  capability,  C^. 
The  SGS-Thomson  SURE  6  handbook  (Ref.3)  is  a 
good  example  of  the  wealth  of  reliability  data 
available  from  IC  vendors. 

The  reliability  requirement  and  method  outlined  above 
ate  under  continuous  review,  both  internally  in 
component  manufacturers,  and  also  by  means  of 
quality  audits  performed  by  the  automotive  customers. 
By  setting  new  targets  on  a  yearly  basis,  continuous 
improvement  is  guaranteed. 

Under  the  title  'Qualification',  the  automotive 
customer  today  has  a  relatively  broad  view  of  what  he 
expects  from  a  product,  and  the  purpose  of 
qualification  can  be  stated  as: 

-  Safeguarding  the  Quality  and  Reliability  of  the 
product  through  all  steps;  Concept,  Design 
Development,  Process  Development,  Production 
and  Testing. 

-  Establishing  and  mutually  agreeing  Quality  and 
Screening  Levels  and  Procedures,  especially 
during  the  ramp-up  phase  bom  development  into 
full  production. 

-  Establishing  the  characteristics  and  application 
features  of  the  component  especially  with  regard  to 
its  suitability  for  the  planned  application.  It  is  also 
essential  to  characterize  a  good  number  (3-5)  of 
process  batches  for  this  last  exercise. 

6.  AUTOMOTIVE 
TEST/SCREENING/BURN-IN 

Testing  of  automotive  components  in  plastic  packages 
is  a  lengthy  and  costly  process.  Whereas  consumer  ICs 
can  use  extrapolation  methods  to  guarantee 
specification  across  the  operating  temperature  range, 
automotive  ASICs  are  tested  at  -40°C,  25°C  and  85°C 
before  being  burned-in  and  then  retested  at  25°C. 

Most  IC  manufacturers  are  working  towards  reduction 
or  elimination  of  Burn-in  while  simultaneously 
improving  both  quality  and  reliability  of  the  products. 
Test  is  that  sorting  procedure  which  establishes  if  an 
electronic  component  functions  (or  not)  according  to 
specification  at  a  fixed  point  in  time.  Screening  by 
Burn-in  stimulates  a  component  with  the  objective  of 
making  testable  or  visible  those  latent  failures  which 
become  infant  mortality  in  the  application  and  which 
were  not  recognisable  at  the  original  test.  Screening 
can  involve  a  number  of  pre-stress  conditions  such  as 
high  temperature  storage,  Bura-in,  temp. cycle,  temp. 


shock,  vibration,  centrifuge,  or  mechanical  shock,  or  it 
can  also  include  visual  or  X-ray  inspection. 
Bum-in/Screening  can  be  used  in  the  combination  of 
pre-conditioning  and  test  to  elliminate  those  devices 
which  would  otherwise  have  bailed  early  in  life. 
Typically  Bum-in  is  conducted  under  dynamic 
conditions  (i.e.  the  device  is  exercised  with  a  test 
pattern)  at  I25"C  for  48hours  (M1L-STD-883  or 
CECC  90000  standards)  before  a  final  electrical  test  is 
performed. 

Failure  analysis,  failure  documentation,  feedback  and 
corrective  action  are  an  essential  part  of  the  procedure, 
in  a  quest  for  continuous  product  improvement. 

We  have  seen  in  our  definition  of  component  reliability 
requirements  that  ASIC  failure  rates  in  the  field  can 
presently  only  he  brought  into  the  lppm  level  with  the 
aid  of  Bum-in,  hut  Bum-in  is  a  costly  and  time 
consuming  process.  We  want  therefore  to  examine  the 
Bum-in  process  and  to  see  if  we  can  find  sensible 
measures  by  which  it  can  either  be  reduced  or 
eliminated.  Without  degrading  product  quality  and 
reliability. 

Since  our  aim  is  to  fix  the  problem  at  source  we  should 
ask  how  the  product  quality  is  related  to  the 
manufacturing  process.  In  general  we  can  observe  that 
both  yield  and  quality  problems  are  most  pronounced 
either  at  the  start-up  phase  of  a  new  manufacturing 
process,  or  when  a  new  device  or  application  is  run  on 
an  existing  technology.  It  is  reasonable  to  assume  that 
in  the  former  case  improved  AOQ  can  be  achieved  by 
optimising  the  manufacturing  process  using  SPC 
methods,  and  in  the  latter  case  we  have  either 
insufficient  test  cover,  electrical  guardbanding,  or 
weak  design.  The  latter  can  of  course  be  much 
improved  by  increased  use  of  Design  for  Testability 
and  Built-in  Self  Test. 

If  the  problem  is  a  reliability  problem  of  infant 
mortality  or  lifetest  failures,  we  should  first  look  for  a 
design  or  technological  weakness,  fix  this  by  redesign 
or  process  change  and  check  improvement  by 
performing  48hr  Bum-in.  If  we  suspect  a  fabrication 
problem,  both  Bum-in  and  improvement  of  the 
manufacturing  process  must  be  performed. 

Before  we  try  to  replace  Bum-in  by  other  methods  we 
should  first  examine  its  advantages  and  disadvantages: 

Advantages: 

-  Infant  mortality  failures  can  be  reduced 
(Established  method). 

-  It  can  be  performed  independently  of  manufacturer 
by  device  user. 

-  It  can  be  reduced  or  eliminated  when  quality 
improves  with  improved  or  prolonged 
manufacturing. 

-  100%  Screening  of  small  quantities  of  components 
improves  quality. 
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Indications  of  reliability  in  the  field  is  gained  from 
Bum-in  results. 


Disadvantages.- 

-  Burn-in/Screening  cannot  solve  all  reliability- 
problems. 

-  It  is  costly  to  perform. 

-  A  longer  manufacturing  chain  results. 

-  Extra  and  incorrect  handling  in  test  can  lead  to 
yield  loss,  latent  ESD  failures  or  bent  lead, 
coplanarity,  soldering  problems  (SOICs). 

Since  Burn-in  is  such  a  time  consuming  and  costly 
business,  much  thought  is  being  given  to  forcing  the 
teaming  curve  such  that  100%  Bum-in  can  quickly 
give  way  to  sample  Bum-in  and  eventually  Bum-in  can 
be  eliminated  completely.  Avenues  of  approach  are:- 

-  Optimise  the  whole  frontend  and  backend 
manufacturing  processes  using  SPC  methods, 
including  the  part  process  Bum-in. 

-  Analysis  of  both  Bum-in  failures  and  field 
failures. 

-  Tracing  failure  causes  to  the  real  origin  in  either 
wafetfab,  assembly,  or  test  area  and  taking 
appropriate  corrective  action.  It  is  not  sufficient 
merely  to  quote  the  foil  binning  from  electrical 
test. 

-  Developing  a  strategy  to  eliminate  Bum-in 
altogether. 

Generally  a  close  cooperation  between  1C  manufacturer 
and  user  is  essential  to  developing  both  a  beneficial 
strategy  and  a  positive  'mind  set'.  On  no  account  must 
the  user  allow  the  supplier  to  simply  replace  defective 
parts. 

An  effective  strategy  involves  replacing  Bum-in 
investment  with  investment  in  quality  and  reliablity 
methods  in  waferfab  and  test  (e.g.  SPC  and  Wafer 
level  Reliability  Methods).  It  must  also  be  realised  that 
quality  costs  reduce  with  increased  volume,  so  a  user  is 
unwise  to  split  volume  between  too  many  suppliers. 

A  typical  strategy  for  the  start-up  phase  of  a  new  ASIC 
device  is  as  follows:- 

-  The  user  bears  some  part  of  the  extra  cost  involved 
in  obtaining  higher  defined  and  guaranteed  quality 
in  die  start-up  phase  only.  The  user  does  not  pay 
for  extra  Bum-in,  nor  does  be  dictate  which  tools 
or  methods  are  used. 

-  The  ASIC  manufacturer  invests  in  failure  analysis 
and  feedback  of  results  to  continuously  improve 
quality,  such  that  the  number  of  batches  requiring 
Bura-in  is  minimized. 

-  The  target  for  Bura-in  future  rate  is <0.3%. 

-  A  quality  plan  with  the  following  features  is 
installed:  - 

Every  batch  is  sampled  to  LTPD  0.3,  and  batches  not 
reaching  this  quality  are  100%  burned-in  and  tested. 
The  first  few  batches  of  a  new  ASIC  product  are  in  any 
case  completely  burned-in. 


Subesequent  batches  receive  100%  bum-in  on  a 
reducing  proportion  of  the  whole  batch. 

When  a  low  and  stable  failure  rate  from  bum-in  is 
achieved  and  sampling  plan  of  LTPD  2  is  installed, 
purely  as  a  monitor. 
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Fig.  II  Failure  rate  improvement  by  systematic 
Burn  in 


Fig.  11  shows  an  example  of  the  improvement  of  a 
typical  automotive  product  subjected  to  the  scheme 
outlined  above. 

7.  IN  PROCESS  RELIABILITY 

It  is  modem  practice  in  qualifying  a  new  technology 
for  practically  any  new  application,  to  examine  and 
qualify  the  individual  critical  process  steps.  The  same 
methodology  is  then  employed  for  continuous  process 
monitoring  and  improvement. 

Main  elements  for  examination  are:  - 
Active  Gate  Oxide  Quality. 

Hot  Carrier  Injection  Effects. 
Electromigration  in  Metalization. 

Other  Wafer  Level  Reliability 
Measures. 

-  E.S.D.  Protection. 

This  is  but  a  short  list  of  the  many  factors  which  are 
actually  examined  to  create  and  maintain  reliability. 
Many  of  the  rests  can  be  performed  at  wafer  level 
without  encapsulating  the  test  device. 

Gate  Oxide  Quality  is  generally  tested  on  a  statistical 
basis  by  applying  electric  field  stress  to  gate  oxide 
capacitors  in  the  form  of  a  time  dependent  voltage 
ramp  of  IMV/cm.sec.,  and  measuring  the  distribution 
of  electric  fields  at  which  the  capacitors  break  down. 
For  silicon  dioxide  the  breakdown  field  ,  E^  peaks  at 
about  !2MV/cm.  but  apart  from  this  we  can  establish 
from  the  test  the  number  and  distribution  of  defects 
causing  early  breakdown  and  make  extrapolation  of  the 
Time  Dependent  Dielectric  Breakdown  (TDDB). 
TDDB  which  is  used  to  give  an  indication  of  the  long 
term  reliablity  of  the  device,  is  extracted  from  the  Ej^j 
distribution  using  the  well  established  Berman  method. 


Correlation  is  made  between  TDDB  sod  lifetest  results 
on  final  devices  at  elevated  temperature,  see  Fig.  12. 
such  that  a  method  is  established  for  the  fast  and 
routine  checking  of  potential  reliability  problems,  and 
a  route  is  created  for  monitoring  continuous 
improvement  of  the  process. 


Fig.  12  Correlation  of  TDDB  with  lifetest  failures 
(Berman  method) 

We  have  described  here  one  of  the  tests  performed,  but 
in  practice  this  is  supplemented  by  Current  Stepped 
Charge  to  Breakdown  (Qbd)  and  Constant  Voltage 
tests.  The  present  status  in  VLSI  technology  is  that 
oxide  quality  of  lOnm  gate  oxides  for  0.5pm  CMOS 
can  guarantee  greater  than  15  year  lifetime  at  5V  and 
10  FIT  at  150*C. 

Hot  Carrier  Injection  into  the  gate  oxide  of  sub-micron 
channel  length  ULSI  transistors  can  cause  change  and 
degradation  of  the  transistor  parameters  leading  to 
reliability  problems.  Because  of  the  higher  mobility  of 
electrons  compared  with  boles  this  is  primarily  an  N- 
channel  transistor  effect,  although  degradation  of  very 
short  channel  P-channel  can  also  be  measured. 


Fig  13  Hot  carrier  effects  in  N-channel  transistor 


at  the  drain  comer  initially  imparts  sufficient  energy 
(ca.  1.5  eV)  for  these  so  called  'hot  electrons'  to  cause 
impact  ionization  or  the  creation  of  electron/hole  pairs 
which  can  be  detected  by  the  onset  of  the  substrate 
current.  If  the  carriers  gain  3-4  eV  from  the  field  or  by 
collision,  they  can  be  injected  into  the  gate  oxide  above 
the  channel  region  to  degrade  the  transistor  parameters 
in  a  number  of  ways.  Changes  occur  in  the  threshold 
voltage,  V,,  and  degradation  in  current  drive  capability 
occurs  in  both  linear  and  saturation  Oosal) 

regions  of  transistor  operations.  Furthermore  channel 
shortening  effects  from  the  injected  charge  can  change 
both  transistor  transconductance  and  sub-threshold 
slope.  Transistors  are  designed  with  spacers  and 
processed  with  low  doped  drain  regions  (LDD)  to 
minimize  hot  carrier  degradation  and  reliability  studies 
are  performed  to  relate  measured  transistor  parameters 
under  normal  and  stress  conditions  to  the  operating 
lifetime.  Generally  maximum  substrate  curren,  I),  (pA/ 
pm  width),  which  occurs  at  about  Vq«V[j/2, 
indicates  the  maximum  stress  condition  which  can  be 
correlated  with  operating  lifetime,  the  limit  of  which  is 
often  defined  by  a  10%  change  in  Ip^.  Using  the 
method  and  model  of  Takeda,  operating  lifetime  can  be 
extrapolated  from  the  measurements  taken  under  stress. 
Fig.  14  shows  typical  Takeda  plot  for  0.7pm  N-  and  P- 
channel  transistors.  Properly  designed  and  fabricated 
sub-micron  transistors  have  expected  lifetimes  well  in 
excess  of  10  years,  and  we  should  mention  that  the 
effects  described  are  only  weakly  temperature 


Fig  14  Hot  carrier  lifetime  degradation  correlated  to 
substrate  current  (Isx)  (Takeda) 


Much  interesting  work  is  being  conducted  in  this  area 
to  explain  such  effects  as  the  deleterious  effects  of 
multi-level  metalization  and  worse  degradation  under 
AC  rather  than  DC  operation  of  circuits. 


Fig.13  illustrates  the  situation  where  exponential 
increase  of  lateral  electric  field  in  the  depletion  region 
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Electromigration  Effects  in  IC  Metalization.  hive  been 
die  subject  of  intensive  study  since  the  1960’s. 
Basically  when  current  flows  at  elevated  temperature 
(>  150°C)  in  thin  films  of  metal  (Aluminium)  with 
grain  structure,  material  trusport  which  occurs  at  an 
atomic  level  can  create  voids  and  breaks  (open  circuits) 
in  the  metal  tracks.  The  effect  called 
'Electromigration'  is  strongly  dependent  on  current 
density,  temperature,  film  stress  and  composition. 
Black's  famous  equation  for  Mean  Time  to  Fail: 

MTF  -  A  J  n  Exp  (  Et/kT) 
allows  us  to  establish  to  coefficients  A,  n  and  Ea 
experimentally  and  to  some  degree  to  correlate 
expected  performance  (MTF)  in  the  field  with  the 
results  of  accelerated  lifetest  performance  at  elevated 
temperature. 

Automotive  electronics  represents  'life-in-the-fast-lane' 
because  IC  surface  temperatures  of  150°C,  which  were 
formerly  considered  appropriate  for  accelerated  lifetest, 
are  now  encountered  in  underbonnet  automotive 
applications.  Normally  aluminium  metalization  in 
ULSI  technology  design  rules  is  specified  for  a  current 
density  of  0.2E6  A/cm2  at  100°C  to  give  an  operating 
life  (defined  by  10%  resistance  change)  in  excess  of  30 
years  (for  10  FIT). 

Fast  test  methods  for  electro  migration  like  BEM 
(Breakdown  Energy  of  Metals)  and  SWEAT  (Standard 
Waferlevel  E-M  Acceleration  Test)  are  applying 
current  densities  of  1.0  to  4.0  E6  A/cm2  at  200  and 
250°C,  to  accelerate  MTF  from  years  to  minutes  and 
hours.  Because  of  Joule  heating  effects  and  the 
difficulty  in  estimating  the  actual  temperature  it  is  not 
easy  to  extrapolate  real  life  performance  from  the  fast 
test  methods,  even  when  the  Black  coefficients  Eg  and 
n  have  been  established  previously  by  normal 
accelerated  lifetests,  but  the  fast  test  methods  have  (he 
advantage  that  they  can  be  used  at  waferlevel, 
sometimes  as  in-process  monitors  to  check  the 
consistency  of  die  metalization  fabrication  process. 
Recent  first  test  results  would  suggest  that  current 
densities  as  high  cs  0.8  E6  A/cm2  at  150°C  operation 
for  10  year  MTF  (at  10  FIT)  are  possible  for  Al/1  %- 
silicon  metalization  sandwiched  between  TiN  barrier 
at  bottom  and  anti-reflection  layer  at  top. 

Some  interesting  facts  about  aluminium  metalization 
performance  are  given  below: 

Passivated  metal  lines  (real  situation)  show  an 
order  of  magnitude  better  EM  properties  than 
unpassivated  ones,  which  thus  should  not  be 
used  for  lifetest,  SWEAT  or  BEM. 

Because  of  'Bamboo  Effect'  narrow  (1.5-2.5|im) 
metal  lines  show  4  times  better  EM  performance 
than  4  to  8pm  lines.  The  latter  should  be  used 
for  lifetests. 

0.5%  Copper  in  Alu.  or  Alu/Si  metal  lines 
improve  EM  resistance  by  an  order  of 
magnitude,  although  detractors  discuss  longterm 
corrosion  failures  with  the  copper  inclusion. 


Stress  in  metal  lines  causes  both  'hillocks'  and 
poor  EM  performance,  so  the  former  is  an 
indication  of  the  latter. 

-  Titanium  nitride,  TiN,  used  in  metalization 
layering  has  excellent  EM  hardness. 

Tests  for  life  performance  of  contacts  and  vias  follows 
similar  lines  to  the  details  given  above.  Great  care  is 
taken  that  metalization  layers  adequately  contour 
contact/  via  edges  and  that  barrier  layers  to  prevent 
'spiking'  of  underlying  junctions  remain  effective. 

Other  Wafer  Level  Reliability  fWLR)  Measures  are  too 
numerous  to  he  covered  adequately  in  a  review  paper, 
and  although  the  topics  covered  so  far  in  this  section 
can  fall  into  the  category  Wafer  Level  Reliability  it  is 
useful  to  look  at  some  of  the  advantages  of  WLR 
method  since  they  are  becoming  increasingly  practiced. 
WLR  encourages  built-in  reliability  as  a 
replacement  for  the  more  traditional  tested-in 
methods.  It  is  possible  that  this  is  the  only  way  to 
achieve  10  FIT  (0.001%  per  1000  Hr.)  reliability 
levels. 

WLR  is  cost  effective  by  aiming  at  short,  typically 
30  sec.,  test  times.  And  since  it  is  less  costly  it  can 
be  more  widely  and  more  uniformly  applied  for 
uniformly  high  reliability  levels. 

-  Real  time  measurement  allows  a  short  feedback 
loop  for  corrective  measures,  compared  with  the 
weeks  and  months  of  lifetest  on  finished  parts. 

-  Detective  material  can  be  removed  from  process 
immediately  to  save  further  processing  costs. 

-  Wafer  pattern  related  problems  can  be  identified 
before  the  pattern  disappears  in  assembly. 

-  Practically  all  design  rule  and  wafer  process  steps 
can  be  examined  with  the  use  of  suitable  patterns. 

-  Local  heating  and  temperature  measurement  can  be 
performed  so  that  many  hundreds  of  temperature 
cycles  can  he  performed  without  preconditioning 
neighboring  devices  to  be  subsequently  measured. 

Electrostatic  Damage  Effects  (ESP)  or  protection 
capability  are  not  generally  measured  at  waferlevel.  but 
since  handling  in  both  waferfab  and  assembly  can 
cause  problems  they  are  mentioned  in  this  section.  In 
wafer  fabrication  silicon  wafers  can  become  charged  by 
the  movement  of  dry  air  in  spinning  rinser-dryers  or  in 
laminar  flow  cabinets.  In  both  cases  air  ionizing 
protection  devices  are  usually  provided,  but  these  must 
be  regularly  checked  for  functionality.  Discharge 
sparking  between  wafers  and  with  the  carrier  can  cause 
latent  damage  to  both  gate  oxides  and  junctions. 

In  assembly,  and  particularly  after  trim-form 
singulation  ICs  are  particularly  susceptible  to  ESD 
damage.  Stringent  grounding  of  machines,  use  of 
grounded  operator  wrist  straps,  and  the  use  of  anti¬ 
static  and  volume  conducting  carrier  tubes  are  some  of 
the  measures  taken  to  prevent  ESD  damage,  but  there 
are  several  weaknesses  in  the  system  which  often 
depends  to  a  high  degree  on  manual  handling  and  thus 
operator  discipline.  For  example  it  it  advised  by  the 
suppliers  of  surface  coated  anti-static  carrier  tubes  that 
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suck  tubes  become  ineffective  against  ESD  after  one 
time  and  maximum  double  handling  operations,  but  in 
Far-East  subcontract  assemblers  the  superior  volume 
conducting  tubes  am  hardly  in  evidence. 

The  greatest  reliability  problem  with  ESD  at  wafer 
level  or  assembled  pert  level  is  die  so  called  ‘Walking 
Wounded',  or  those  devices  which  have  been  only 
partially  damaged  by  ESD,  partially  healed  at  room 
temperature  to  avoid  detection  at  electrical  test,  but 
able  to  reappear  as  defective  devices  in  the  application; 
even  in  the  ppm  level  they  are  sufficient  to  ruin 
reliability  records,  statistics  and  reputations. 

ESD  protection  circuits  are  built  in  to  CMOS  ASIC 
circuit  I/Os  to  protect  devices  against  improper 
handling.  MIL  STD.  883C  Method  3015  describes 
characterization  using  die  'human-body-model '  (HBM) 
which  discharges  a  lOOpF  capacitor  rapidly  through  a 
l.SKOhm  resistor  at  the  device  pin.  Proper  testing 
demands  inputs  to  be  tested  with  respect  to  other 
circuit  pins,  to  ground  and  power  rail.  Most  suppliers 
guarantee  a  conservative  test  voltage  of  2.5KV  for  this 
test,  but  it  is  generally  known  that  good  protection  can 
withstand  4KV,  and  special  devices  arc  now  appearing 
on  the  market  with  10KV  claimed  protection.  It  may 
however  be  more  interesting  in  the  cause  of  continued 
improvement,  in  determining  the  ESD  hardness  of  a 
device,  to  use  the  combination  200pF,  200  Ohms  in 
the  HBM. 

8.  FUTURE  DIRECTIONS 

The  Prometheus  study  of  1988  (Ref.4)  predicted  the 
following  picture  for  automotive  electronic  system  in 
1995: 

-  100  Intelligent  Sensors 

-  80  Intelligent  Actuators 

-  45  Electric  Motors 

-  5  Displays 

-  1000  ICs  (Equivalent  1987  Complexity) 

-  Operation  at  100-500  MHz  for  Real  time 
Communication 

Six  years  later,  and  one  year  from  the  target,  we  can 
report  that  at  least  in  high  end  motor  cars  the  number 
of  predicted  ICs  (equivalent)  and  electric  motors  will 
be  met,  but  that  sensors  and  actuators  will  be  less 
intelligent  than  expected,  displays  less  in  number,  and 
maximum  operating  frequency  at  200  MHz  (fastest 
microprocessor). 

Looking  at  the  present  situation  and  its  extension  into 
the  future  we  can  say  that  reliability  considerations  will 
surely  dominate  the  form  and  complexity  of  future 
automotive  electronic  systems.  Because  of  the 
desirability  to  reduce  wiring  and  connectors,  the 
multiplexed  one  or  two  wire  BUS  System  will  gain 
popularity.  This  in  turn  will  encourage  the  use  of 
Smart  Power  ASIC  systems-on-chip  with  integrated 
sensor  and  actuator  interface  and  with  local  inteligence 
provided  by  a  microprocessor  core.  Certainly  the 
combination  of  ASICs  and  microprocessors  Will 


dominate.  The  reduced  number  of  contacts  will  enable 
those  that  are  still  being  used  to  cost  more  and  be  of 
improved  reliability. 

Solder  contacts  have  improved  remarkably  in  recent 
years,  such  that  some  'Motronic'  and  'Tcmpomat' 
applications  use  PCBs  with  a  limited  number  of  solder 
contacts,  and  further  improvement  in  reliability  will 
certainly  he  achieved,  but  the  multiplexed  Bus  System 
shows  the  way,  in  many  parts  of  the  motor  car,  to 
eliminate  solder  contact  completely.  This  will  be 
achieved  by  using  a  metal  frame  which  acts 
simultaneously  as  pins  to  the  connector  and  as 
lead  fra  me  for  wire  bonded  silicon  chip  assembly.  This 
simple  form  of  'mechatronics'  is  already  in 
development. 

Looking  to  the  semiconductor  components  themselves 
it  is  clear  that  structural  dimensions  will  continue  to 
decrease  with  rates  predicted  by  'Moore's  Law',  and 
complexity  will  increase  beyond  todays  2  million 
transistors  per  1C.  Quarter  micron  structures  are 
already  available  as  development  samples.  This  high 
complexity  level  encourages  the  use  of  more  RAM  and 
EEPROM  memory  which  can  be  used  to  store  data  on 
system  performance  for  preventive  and  corrective 
maintenance  and  ensure  greater  reliability  for  the 
vehicle. 

Although  built-in  self  test  (BIST)  and  design  for 
testability  (DfT)  are  common  features  of  todays  ICs, 
use  of  these  features  and  improvement  in  test  coverage 
will  increase  still  further.  It  is  also  possible  to  orient 
testing  philosophy  much  more  towards  failure  analysis 
and  reliability  improvements.  Intelligent  testing  of 
abnormal  parameter  distributions  would  fail  devices 
from  the  abnormal  distribution  even  though  they 
officially  meet  the  parameter  specification.  Certainly 
leakage  current  and  standby  current  distributions  could 
be  screened  in  this  way.  Analysis  of  the  reverse  bias 
characteristics  of  ICs  (Ipg  Analysis)  will  be  used  to 
fingerprint  weak  devices.  It  is  also  possible  that 
irregularities  in  delay  time  distributions  could  be  used 
to  'weed  out'  weaknesses  which  control  device  and 
process  parasitics. 

There  will  be  an  overwhelming  trend  to  Wafer  Level 
reliability  studies  in  waferfabs  as  a  means  of  cost 
effectively  huitding-in  quality  and  reliability  and 
reducing  the  amount  of  costly  burn-in  and  routine 
lifetesting  on  finished  parts.  Where  SPC  is  used  today 
to  show  that  manufacturing  processes  are  under  the  the 
tightest  control,  this  will  increase  to  cover  more 
parameters  better,  and  WLR  will  be  used  to  detect 
potential  instabilities  and  drift,  reducing  and  possibly 
replacing  burn-in  at  the  end  of  tbe  process. 
Communication  and  'openess'  between  vendor  and 
customer  will  increase  so  that  each  understands  better 
the  requirements  of  the  other,  and  'open-book'  will  be 
practiced  with  respect  to  the  customer  access  in-fab. 
SPC  and  WLR  results  as  well  as  reliability  and  failure 
analysis  details.  Vendors  will  be'expected  to  predict 
failure  rates  in  the  field. 
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Such  changes  will  not  come  about  overnight,  and  will 
probably  not  be  forced  by  contracts,  but  rather  will  he 
the  result  of  the  realisation  between  vendor  and 
customer  that  this  is  the  only  way  to  achieve  and 
maintain  'zero-defect'  delivered  quality,  sub  lppm 
failure  rates  in  the  life  of  the  application  and  less  than 
10  FIT. 
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ABSTRACT 

By  means  of  in-situ  e.m.f  -measurements,  leakage 
current  measurements  and  impedance 
spectroscopy,  it  has  been  possible  for  the  first  time 
to  detect  spontaneous  and  forced  blistering  in  thick 
film  multilayers  during  formation  at  high 
temperatures.  Also  the  occurrence  of  high 
temperature  shorts  in  Ag-dielectric-Ag  multilayers 
under  DC-bias  resulted  detectable. 

1.  INTRODUCTION 

Important  failure  mechanisms  in  thick  film 
multilayer  hybrids  are  shorting  and  blistering  Of  the 
dielectric  between  two  metal  layers.  Spontaneous 
blistering  has  been  observed  in  mixed  metallurgy 
multilayers,  i.e.  multilayers  including  different 
metals,  e.g.  Au  and  Ag  (Refs.  1-3).  High 
temperature  shorting  can  occur  spontaneously  in 
multilayers  with  Ag-electrodes  (Ref.  4).  To  build  a 
complex  mixed  metallurgy  multilayer  circuit 
succesfully,  a  very  robust  dielectric  material,  able  to 
withstand  multiple  (up  to  30)  refites  to  8 50°C 
without  occurrence  of  short  circuits  or  blisters,  is 
required. 

The  basic  physico-chemical  processes  causing  these 
failures  are  insufficiently  understood.  In  particular, 
the  correlation  between  physical  and  chemical 
properties  of  the  dielectric  material  and  the 
occurrence  of  these  failures  is  not  clear. 

An  important  step  towards  a  better  understanding 
of  the  driving  mechanisms  is  to  mark  out  the 
critical  temperature  and  time  region  for  possible 
failure  formation.  Since  failures  such  as  shorting 
and  dielectric  breakdown  give  rise  to  a  sudden 
decrease  of  the  electrical  resistance  they  can  be 
characterized  by  a  well  defined  time  to  failure.  For 
Mistering  the  situation  is  probably  less  simple,  but 
still  it  should  be  possible  to  indicate  by 
experimental  means  the  time  region  of  blister 
formation. 

In  this  paper  some  experimental  techniques  are 
presented  that  allow  the  detection  of  blisters  and 
shorts  during  formation  at  elevated  temperatures. 


2.  IN-SITU  ELECTRICAL 
MEASUREMENTS 

A  new  approach  to  the  study  of  thick  film  failures  is 
given  by  the  in-situ  electrical  measurement 
technique.  With  this  technique  it  is  possible  to 
monitor  continuously  the  electrical  behaviour  of 
thick  film  test  structures  during  thermal  treatments 
of  choice.  This  approach  is  justified  by  the  facts  that 
the  failures  occur  during  the  thermal  treatments  and 
that  they  are  related  to  electrical  parameters  such  as 
resistance  (shorting  »>  zero  resistance  ;  blister  -> 
local  infinite  resistance). 

A  significant  result  of  this  approach  is  the 
observation  of  a  close  correlation  between  the 
leakage  current  measured  through  the  dielectric  at 
elevated  temperatures,  and  the  ability  of  the 
dielectric  to  resist  shorting  and  blistering  effects 
during  the  preparation  of  circuits  (Ref.3).  The 
materials  with  the  lowest  electrical  resistance  are 
also  the  materials  with  the  largest  probability  to 
blister  when  used  in  a  mixed  metallurgy  multilayer, 
and  with  the  largest  probability  to  give  shorts  when 
used  in  multilayers  with  Ag-electrodes.  The  in-situ 
leakage  current  measurement  technique  has  been 
shown  to  be  a  rapid  evaluation  method  for  these 

materials 

Since  the  in-situ  measurement  technique  allows  to 
measure  continuously  the  evolution  of  an  electrical 
property  of  interest,  it  should  also  be  possible  to 
determine  the  moment  or  tune  region  for  failure 
formation.  As  will  be  reported  further  on,  this  has 
been  achieved  with  in-situ  e.m.f.  measurements, 
leakage  current  measurements  and  impedance 
spectroscopy. 


3.  TEST  STRUCTURES 

In-situ  electrical  measurements  require  test 
structures  with  two  (leakage  current;e.mi)  or  four 
(impedance  spectroscopy)  contact  terminals. 
Parallel  plate  capacitor  test  structures  have  been 
designed  with  overlap  areas  (A)  of  25,  50,  75  and 
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100  mm1.  The  multilayers  consisted  of  96%  A1,0, 
substrates;  Au-,  Ag-  and  AgPd-electrode  material 
and  a  commercial  dielectric  with  low  blister 
resistance. 


Figure  1  :  Lay-out  of  the  studied  thick  film 
multilayer  system 


4.  SPONTANEOUS  BLISTERING 


figure  3).  This  behaviour  can  be  qualitatively 
understood  by  looking  to  the  electrochemical  series 
listing  standard  reduction  half-reactions  in  order  of 
increasing  standard  potential.  For  the  case  of  Ag 
and  Au  the  corresponding  half-reactions  and 
standard  potentials  (?  )  are  given  by  (Ref.S) : 

Ag'(aq)  +  e‘  ->  Ag(s)  8*  -  0.79%  V 
Au*(aq)  +  3  e’  ->  Au(s)  V  •  1.42  V 

Since  the  AgVAg  half-reaction  has  a  smaller 
standard  potential  than  the  Au*7Au  half-reaction,  it 
has  a  greater  tendency  to  reverse.  The  galvanic  cell 
obtained  with  these  two  half-cells  thus  results  in  a 
positive  Au-electrode  and  a  negative  Ag-elcctrode. 
Quantitative  information  is  much  more  difficult  to 
obtain.  In  principle  it  is  possible  to  calculate  the 
potential  difference  between  the  electrodes  of  a 
galvanic  cell  as  a  function  of  temperature  by  using 
the  Nernst  equation.  However,  a  practical 
constraint  in  doing  so  is  the  lack  of  available 
information  concerning  the  electrochemical 
activities  of  dissolved  Ag*  and  Au1*  ions. 


With  in-situ  c.m.f.’s  meauserements  it  has  been 
shown  that  the  mixed  metallurgy  system 
Au(bottom)-dielectric-Ag(top)  acts  at  850°C  as  a 
spontaneous  battery,  and  the  battery  voltage  (i.e.  the 
spontaneous  electromotive  force)  was  measured 
(Ref.3).  During  the  heating  step  to  850°C  with  a 
rate  of  10°C/min,  the  magnitude  of  the  e.m.f 
increased  continuously.  At  the  peak  temperature  a 
battery  voltage  up  to  200  mV  between  the  two  metal 
layers  was  observed.  In  systems  with  an  unmixed 
metallurgy,  Ag-dielectric-Ag  or  Au-dielectric-Au, 
much  smaller  e.m.f. -values  have  been  measured  at 
the  peak  temperature. 

During  the  applied  temperature  treatment,  blisters 
were  only  formed  on  the  test  structures  with  a 
Au(bottom)-dielectric-Ag(top)  configuration.  For 
these  test  structures  a  corresponding  voltage  drop 
has  been  observed  after  annealing  for  a  few  minutes 
at  850°C. 

With  a  measurement  system  that  allows  to  inspect 
electrically  and  visually  a  test  structure  of  this  type 
during  a  given  thermal  treatment,  it  has  been  found 
that  the  moment  of  maximum  voltage,  i.e.  the 
moment  previous  to  tire  voltage  drop,  corresponds 
to  the  moment  where  the  first  blister  can  be  seea 
During  further  annealing  new  blisters  have  been 
observed,  while  the  e.m.f.  continuously  decreased. 

From  the  in-situ  voltage  measurements  it  could  thus 
be  concluded  that  the  An-dielectric-Ag 
configuration  behaves  at  850°C  as  a  spontaneous 
battery  with  a  positive  Au-electrode,  a  negative 
Ag-electrode  and  the  dielectric  as  electrolyte  (see 


Figure  2  :  E.m. f. -measurement  at  87 0°C  for 
a  Au(bottom)-dielectric-Ag(top) 
multilayer. 

A  first  feature  of  figure  2,  the  occurrence  of  a 
meaningful  potential  difference  between  the 
electrodes  of  the  Au-dielectric-Ag  multilayer  can 
thus  be  attributed  to  a  difference  in  electrochemical 
behaviour  of  the  Au*7Au  and  Ag*/Ag  half-cells. 
The  potential  drop  observed  in  figure  2  can  also  be 
explained  qualitatively  by  starting  from  the 
relatively  similar  behaviour  often  encountered  in 
common  batteries  such  as  dry  cells. 
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A  drop  in  emf  is  known  to  occur  in  many  galvanic 
cells  during  operation  at  room  temperature  due  to  a 
number  of  effects  in  which  the  chemical  conditions 
around  the  electrodes  are  modified.  In 
electrochemistry  this  phenomenon  has  been  termed 
polarization,  not  to  be  confused  with  the  dielectric 
polarization  known  in  electromagnetism.  The 
simplest  land  of  polarization  occurs  when  the  ionic 
concentration  around  an  electrode  is  altered  by  the 
passage  of  current.  One  of  the  most  common  cases 
where  polarization  seriously  limits  the  operation  of 
the  cell,  is  encountered  when  hydrogen  ions  are 
discharged,  forming  bubbles  of  gaseous  hydrogen. 
One  effect  of  the  hydrogen  gas  is  to  increase  the 
resistance  between  the  electrode  and  the  solution, 
increasing  the  internal  resistance  of  the  cell.  In 
some  types  of  cells,  a  substance  called  a  depolarizer 
is  added  to  the  electrolyte  which  reacts  with  the 
hydrogen  to  prevent  the  formation  of  free  gas 
(Ref.6). 


Figure  3  :  Spontaneous  blistering  in  a  mixed 
metallurgy  mutlilayer. 

It  has  to  be  pointed  out  that  the  described 
polarization  phenomenon  occurs  during  operation 
of  the  cell  and  thus  while  the  electrodes  are 
electrically  connected.  For  the  high  temperature 
spontaneous  blistering  however  no  external 
connections  are  present  between  the  electrodes 
involving  a  polarization  mechanism  of  an  other 
type. 

We  believe  the  occurring  polarization  to  originate 
from  a  spontaneous  electrolysis.  From  the 
measured  potential  difference  and  the  small  spacing 
between  the  electrodes  a  relatively  high  electric 
field  arises  in  the  dielectric  bulk  material.  Since  at 
the  given  elevated  temperatures  the  dielectric 
squires  a  high  conductivity,  one  can  presume  that 


the  electric  field  inside  tl..  dielectric  leads  to  the 
directional  motion  of  mobile,  charged  species  that 
discharge  on  the  electrodes.  The  observed  voltage 
drop  is  thus  interpreted  in  this  context  as  an 
electrical  discharge. 


5.  FORCED  BLISTERING 

When  an  external  voltage  of  300  mV  is  applied  to 
unmixed  metallurgy  systems  (Ag-Ag;  Au-Au) 
during  a  temperature  profile  up  to  850°C,  blisters 
are  also  formed  (Ref.  3).  This  shows  unambiguously 
that  blistering  is  a  voltage  driven  effect. 


Au  dielectric  Au 


Figure  4  :  Forced  blistering  in  a 

Au-dielectric-Au  multilayer. 

During  blistering  electrode  material  delaminates 
from  the  dielectric  causing  an  important  increase  of 
the  internal  electrical  resistance.  The  sudden 
increase  of  electrical  resistance  during  a  thermal 
treatment  with  an  external  voltage  stress  therefore 
determines  the  moment  of  the  blister  formation.  A 
sudden  increase  in  resistance  has  been  observed 
both  with  in-si  tu  leakage  current  measurements  and 
in-situ  impedance  spectroscopy. 

Figure  S  shows  the  result  of  a  voltage  ramp  on  a 
multilayer  structure  at  850°C.  It  can  be  seen  that 
for  voltage  stresses  below  200  mV  the  resistance 
remains  rather  constant  while  higher  stresses  give 
rise  to  an  important  increase  of  the  electrical 
resistance.  In-situ  optical  inspection  of  the  given 
test  structure  confirmed  that  blistering  starts  from 
the  moment  that  the  magnitude  of  the  applied 
voltage  exceeds  200  mV  with  the  corresponding 
increase  of  the  measured  resistance. 
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Figure  5  :  Resistance  for  a  Ag-dielectric-Ag 
multilayer  at  850°C  submitted  to 
a  voltage  ramp. 

Also  impedance  spectroscopy  measurements  have 
been  performed  for  a  multilayer  heated  from  room 
temperature  to  850°C  with  and  without  a 
permanent  DC-bias  of  300  mV  in  order  to  detect 
the  eventual  blister  formation.  During  the  thermal 
treatment  rapid  frequency  sweeps  have  been 
continuously  performed.  Each  sweep  consisted  of 
40  equidistant  frequencies  on  logarithmic  scale 
between  100  Hz  and  10  MHz.  In  the  high 
temperature  region  of  the  stressed  test  structure  an 
anomalous  increase  of  the  impedance  can  be 
observed,  indicating  the  blister  formation.  This 
increase  is  not  present  in  the  results  for  the 
unstressed  material. 


6.  HIGH  TEMPERATURE  SHORTING 

The  occurrence  of  shorting  in  thick  film  multilayer 
and  crossover  systems  has  been  extensively  studied 
in  the  temperature  region  between  room 
temperature  and  2 00°C.  A  high  number  of  papers 
have  been  published  concerning  especially  the 
formation  of  Ag-shorts  in  this  temperature  region 
mainly  attributed  to  an  electrochemical  migration 
mechanism.  It  is  in  fact  known  that  in  uncovered 
conductor-dielectric  systems  confined  by  a  humid 
environment,  often  conductive  pathways  are  built 
up  due  to  a  transport  of  metal  ions  from  an  anodic 
site  through  an  aqeous  electrolyte  to  a  cathodic  site 
where  electrodeposition  occurs,  forming  a  dendrite 
or  dendrite-like  deposit  (Ref.7). 


High  temperature,  electrical  shorting  has  been 
treaten  by  Needes  et  al  (Ref.4).  They  observed  that 
the  manufacturing  yield  of  silver  multilayer  circuits 
can  be  adversely  influenced  by  the  development  of 
interlayer  electrical  shorts  due  to  migration  of  silver 
ions  during  firing. 

Silver  diffuses  into  the  dielectric  from  both  the  top 
and  bottom  conductors,  whereas  it  is  observed  that 
silver  migration  (shorting)  originates  from  the 
bottom  conductor.  A  distinction  is  drawn  here 
between  diffusion  which  results  from  differences  in 
chemical  potential,  and  migration  (the  fundamental 
mechanism  underlying  the  current  phenomenon) 
which  in  its  basic  form,  is  diffusion  promoted  by 
the  presence  of  an  electric  field.  During  firing  and 
subsequent  refiring  of  a  crossover,  a  potential 
difference  is  developed  between  the  top  and  bottom 
conductor  layers,  leading  the  crossover  to  fail. 
According  to  Hang  (Ref.8)  this  conductive  ion 
migration  is  enhanced  by  the  presence  of  a  stable 
liquid  glass  phase  in  the  dielectric  microstructure 
during  subsequent  refirings.  The  reliability  is 
therefore  largely  determined  by  the  remanent 
vitreous  glass  in  each  dielectric 

In  this  study  the  electrical  conductivity  has  been 
measured  in-situ,  not  only  for  the  previously 
discussed  dielectric,  but  for  a  set  of  dielectrics  with 
a  different  tendency  to  form  blisters  and  shorts  For 
the  dielectrics  with  the  lowest  (D2)  and  the  highest 
conductivity  (D7)  at  elevated  temperaiurcs, 
Ag-diffusion  profiles  have  been  measured  in  a 
scanning  electron  microscope  with  EDAX-analvsis 
It  has  been  found  that  the  dielectrics  with  the 
highest  conductivity  also  allow  the  highest 
Ag-diffusion  into  the  bulk  as  shown  in  figure  6. 


Figure  6  :  Ag-diffusior  profiles  into 

dielectrics  D7  (upper  curve)  and 
D2  (lower  curve).  (Full  screen  : 
l00weight%Ag) 
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7.  CONCLUSIONS 


Since  there  is  a  direct  relation  between 
conductivity  and  diffusion  coefficient 
(Nemst-Einstein  relation)  for  the  mobile  species 
that  participate  in  the  conduction  process,  this 
result  can  easily  be  understood. 

As  illustrated  by  the  former  diffusion  profiles  an 
important  amount  of  Ag  diffuses  and  migrates  into 
the  dielectric  bulk.  The  kinetics  of  the 
Ag-migration  can  be  studied  in-situ  by  measuring 
the  leakage  current  during  a  continuously  applied 
voltage  stress  and  determing  the  time  to  failure. 
The  criterium  for  shorting  is  the  sudden  increase  of 
leakage  current  exceeding  the  value  of  2  mA,  the 
upper  limit  of  the  used  picoammeter. 

For  dielectrics  D7  and  D2  a  Ag-dielectric-Ag  test 
structure  has  been  heated  from  room  temperature 
up  to  850°C  at  a  rate  of  10°C/min  under  a  DC-bias 
of  100  mV.  It  can  be  seen  from  figure  7  that  in  the 
high  temperature  region  a  clear  current  increase 
occurs  due  to  the  formation  of  a  short  for  dielectric 
D7,  while  dielectric  D2  only  shows  a  much  smaller 
leakage  current. 

With  the  presented  measurement  method  it  is 
therefore  possible  to  perform  additional 
measurements  in  order  to  investigate  closer  the  role 
of  parameters  such  as  dielectric  thickness,  dielectric 
composition,  temperature  and  applied  voltage  in  the 
formation  of  high  temperature  shorts. 


T«np«aturt  (X) 

Figure  7  :  Leakage  current  for  two 

Ag-dielectric-Ag  multilayers  with 
different  dielectric  composition 
continuously  stressed  by  a  100  mV 
DC-bias. 


With  a  measurement  system  that  allows  to  inspect 
electrically  and  visually  a  mixed  metallurgy  test 
structure  blistering  during  a  given  thermal 
treatment,  it  has  been  found  that  the  start  of  blister 
formation  is  accompanied  by  the  occurrence  of  an 
important  voltage  drop  between  the  electrodes. 
During  further  annealing  new  blisters  have  been 
observed,  while  the  e.m.f.  continuously  decreased. 
The  formation  of  forced  blisters  can  be  detected 
in-situ  by  measuring  the  corresponding  increase  in 
electrical  resistance  with  leakage-current 
measurements  or  impedance  spectroscopy. 

The  discussed  in-situ  electrical  measurement 
methods  also  allow  to  observe  the  high  temperature 
formation  of  shorts. 
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Abstract:  The  current  which  flows  through  the  metal  semiconductor  interface  of  an  ohmic  contact  produces  a 
Peltier  effect.  We  optically  delect  this  thermal  effect  and  use  it  for  the  development  of  an  optical  ammeter,  the 
determination  of  doping  type  of  semiconductors  and  the  homogeneity  scanning  upon  integrated  circuits. 


1.  INTRODUCTION 

Every  semiconductor  device  is  inevitably 
connected  to  metallic  lines  for  current  transport  In 
planar  geometry  integrated  circuits,  the  electrical 
connections  to  the  components  and  the 
interconnections  between  components,  necessarily 
proceed  through  ohmic  contacts.  These  ohmic 
contacts,  which  link  the  metal  to  the 
semiconductor,  are  designed  to  have  the  lowest 
possible  resistance  in  order  to  have  a  negligible 
influence  upon  the  device  characteristics.  This  work 
presents  a  new  method  for  integrated  circuit 
characterisation,  based  upon  the  detection  of  a 
thermoelectric  effect  upon  ohmic  contacts.  This 
effect  is  measured  with  a  high  resolution  laser 
probe  (Refs.  1,  2)  upon  the  ohmic  contact  Ohmic 
contacts  are  spread  all  over  the  surface  of  integrated 
circuits  and  are  of  sufficient  large  size  to  be  probed 
without  perturbation  with  a  laser  beam  of  1  |tm  in 
diameter.  The  thermoelectric  effects  that  can  take 
place  in  functioning  semiconductor  devices  are  the 
Joule,  the  Peltier  and  the  Thomson  effects.  The 
first  is  highly  reduced  in  ohmic  contacts  as  the 
resistance  is  made  as  low  as  possible.  The 
Thomson  effect  needs  high  temperature  gradients  to 
be  significant,  this  is  strictly  avoided  in  integrated 
circuit  design.  Our  experimental  approach  is 
therefore  focused  upon  the  detection  of  the  Peltier 
effect  in  ohmic  contacts.  When  a  current  flows 
between  the  metal  and  the  semiconductor  in  an 
ohmic  contact,  a  beating  or  cooling  occurs  due  to  a 
Peltier  effect,  and  the  corresponding  thermal 
expansion  or  shrinking  of  the  contact  surface  is 
observed  by  measuring  the  absolute  surface 
displacement  with  our  interferometric  laser  probe. 
The  surface  displacement  due  to  the  Peltier  effect 
can  selectively  be  detected  and  the  response  can  be 
related  to  the  device  characteristics.  We  show,  for 
example,  bow  the  current  intensity  in  an  ohmic 
contact  can  be  measured  through  the  surface 


displacement,  showing  the  laser  probe  to  be  an 
optical  contactless  ammeter.  This  experimental 
approach  can  also  be  used  for  the  determination  of 
the  doping  type  of  the  semiconductor  under  the 
metal  contact. 

The  periodic  beat  exchange  at  an  ohmic  contact, 
when  a  sine  wave  current  is  flown  through  it, 
generates  a  thermal  wave  that  propagates  through 
the  surrounding  material.  We  show  how  the 
corresponding  surface  displacement  wave  propagates 
around  the  ohmic  contact.  An  interesting  situation 
is  found  when  the  surface  waves  from  two  identical 
ohmic  contacts  linked  through  a  surface  resistance 
interfere.  The  study  of  these  Peltier  effect  generated 
surface  waves  has  been  the  starting  point  for  the 
development  of  a  new  imaging  method  of  integrated 
circuits.  We  show  phase  and  amplitude  images  of  a 
simple  test  structure  upon  an  integrated  circuit 
obtained  from  ohmic  contact  thermal  waves. 

2.  THERMOELECTRIC  EFFECTS  IN 
OHMIC  CONTACTS. 

An  ohmic  contact  is  defined  as  a  metal- 
semiconductor  connection  that  has  negligible 
resistance  relative  to  the  bulk  or  spreading  resitance 
of  the  semiconductor.  The  current  conduction  in 
these  contacts  can  take  place  via  two  mechanisms. 
The  first  one  is  thermionic  conduction  and  is 
illustrated  in  figure  I  for  a  n  type  semiconductor 
ohmic  contact  The  energy  band  diagram  is  shown 
and  the  conduction  is  illustrated  for  a  given  current 
direction.  Majority  carriers  from  the  conduction 
band  jump  the  contact  barrier  and  reach  the  metal  at 
the  Fermi  level  energy.  It  is  clearly  seen  that  the 
carriers  undergo  energy  shifts  during  this  move,  the 
net  energy  balance  is  Ec  -  Ef  .  The  second 
mechanism  is  conduction  through  tunneling  and  is 
effective  when  a  highly  doped  n'H’  region  is  added 
between  the  metal  and  the  n  type  semiconductor, 
this  is  illustrated  in  figure  2.  As  can  be  seen  from 
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(be  sketch,  here  too  the  electrons  undergo  a  net 
energy  jump  of  Ec  -  Ef.  Two  similar  conduction 
mechanisms  are  seen  in  the  conduction  of  p  type 
semiconductor  ohmic  contacts.  Thermionic 
conduction  is  illustrated  in  figure  3  while  tunneling 
is  illustrated  in  figure  4.  Note  that  the  current 
direction  has  been  changed  with  respect  to  figure  1 
and  2.  A  net  energy  of  Ef  -  Ev  is  released  per  bole 
flowing  through  the  contact  The  four  situations 
shown  produce  healing,  but  if  we  change  the 
current  direction,  cooling  occurs.  This  contact 
thermoelectric  effect  is  a  Peltier  effect  the  power 
exchange  depends  upon  the  current  direction,  the 
doping  type  and  doping  magnitude  and  also  upon 
the  type  of  metal  at  the  junction.  Besides  the 
Peltier  effect  a  Joule  effect  will  occur  in  the 
residual  resistance  of  the  ohmic  contact  this  latter 
is  current  square  dependent  and  is  therefore  current 
direction  independent 

For  cosine  wave  excitation  the  power  P(t)  dissipated 
at  an  ohmic  contact  can  be  written: 
for  a  n  type: 

P(t)  =  — — j  Iq  cos  ax  +  RIq  cos2  0*  (1) 


P(l)=5ll+5lLc„2aK+ 

2  2 


Iq  COS  (01 
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for  a  p  type: 
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figure  2.  Tunnel  effect  conduction 
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figure  3.  Thermoionic  conduction 


figure  4.  Tunnel  effect  conduction 


3.  TEST  STRUCTURE 
EXPERIMENTAL  METHOD. 


AND 


If  we  only  take  the  time  varying  part  of  the  energy 
exchange,  we  observe  a  Joule  contribution  at  2» 
(harmonic  2  of  the  excitation)  and  a  Peltier 
contribution  at  to  (harmonic  1).  By  comparing 
relation  2  and  3  we  see  that  the  Peltier 
contributions  of  n  and  p  type  semiconductors  have 
opposite  phases.  Energy  exchange  in  the  ohmic 
contact  produces  temperature  changes  which  induce 
thermal  expansion.  Periodic  displacements  of  the 
contact  surface  will  be  produced  at  a  and  at  2t». 
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figure  l.  Thermoionic  conduction 


We  have  chosen  to  study  the  Peltier  response  of 
ohmic  contacts  upon  a  very  simple  structure  in  an 
integrated  circuit,  a  Van  der  Pauw  structure.  A 
picture  of  it  is  shown  in  figure  5a.  The  four 
contacts  in  a  Van  der  Pauw  structure  are  used  for 
conduction  measurements  of  the  different  dopings 
in  integrated  circuit.  We  use  this  structure  as  a 
surface  resistance  and  drive  current  between  A  and 
B,  two  opposite  ohmic  contacts  in  the  structure. 
Figure  5b  shows  a  sketch  of  the  stmt  structure,  the 
dotted  line  shows  the  limits  of  the  doped  area. 

For  measuring  thermal  effects  in  integrated  circuits, 
we  use  a  high  resolution  interferometric  laser  probe 
we  have  developped  (Refs.  1, 2).  Absolute  surface 
displacements  are  measured.  The  thermoelectric 
effects  producing  heat  exchange  in  an  ohmic 
contact,  induce  thermal  expansion.  The 
corresponding  surface  displacement  of  the  ohmic 
contact  is  measured  with  the  laser  probe.  The  laser 
beam  spot  is  1  pm  in  diameter,  which  is  much 
smaller  than  the  contact  surface.  As  an  indication, 
the  distance  between  contacts  A  and  B  in  figure  5a 
is  112  pm. 


316 


figure  5a.  figure  5b. 

Van  derPauw  test  structure 


4.  OPTICAL  AMMETER. 

Figure  6  shows  the  absolute  expansion 
amplitude  measured  upon  the  ohmic  contact  A 
(figure  S)  at  harmonic  1  and  2  for  different 
excitation  current  amplitudes  (frequency  5  kHz). 
Pure  linear  first  harmonic  (Peltier  effect)  and  pure 
quadratic  second  harmonic  (Joule  effect)  responses 
are  observed.  This  indicates  that  the  Peltier  effect 
can  selectively  be  detected  and  that  current 
amplitudes  can  linearly  be  derived  from  the 
displacement  amplitudes.  This  shows  the 
interferometric  laser  probe  to  be  a  non  contact 
optical  ammeter.  Currents  of  a  few  microamperes  at 
5  kHz  have  been  measured.  It  is  interesting  to  see 
that  for  small  current  sensing  Peltier  heat  detection 
is  more  sensitive  upon  ohmic  contacts  than  the 
Joule  one.  This  also  shows  the  quality  of  the  ohmic 
contact,  as  it  is  designed  to  have  a  negligible 
resistance.  It  is  mportant  to  observe  note  the 
possibility  to  measure  periodic  surface 
displacements  of  a  few  fcmtometers  with  our 
interferometric  probe. 


understood  as  the  Joule  effects  are  identical  in  A  and 
B  while  the  Peltier  effects  are  opposite.  This  phase 
change  will  be  exploited  in  the  next  section  when 
thermal  waves  will  be  observed. 

5.  THERMAL  WAVES  GENERATED  AT 
OHMIC  CONTACTS. 

When  current  is  driven  through  the 
semiconductor  structure  Peltier  heat  is  generated  in 
the  ohmic  contacts  A  and  B  of  figure  S.  They  are 
the  sources  of  two  beat  waves  of  opposite  phase 
that  propagate  inside  the  semiconductor.  We  have 
explored  with  our  interferometric  laser  probe  the 
surface  first  harmonic  thermal  expansion  (amplitude 
and  phase)  along  the  line  joining  A  and  B.  Figure  7 
shows  the  exponential  decay  in  amplitude  starting 
from  the  two  sources  112  pm  apart  and  interfering 
destructively  at  mid  distance.  Figure  8  shows  the 


pMltlon  (pm) 

figure  7.  Surface  waves  amplitude  interferences 


figure  6.  Joule  and  Peltier  expansion  current  figure  &  Surface  waves  phase  interferences 

dependence 


Furthermore,  if  we  measure  the  Peltier  and  Joule 
response  upon  ohmic  contact  B  (figure  5),  we 
observe  the  same  amplitude  responses  as  in  figure 
6,  except  that  the  phase  of  the  Peltier  effect  has 
turned  by  an  amount  of  180°.  This  is  easily 


phase  response  indicating  a  linear  dephasing  starting 
from  both  sources  opposite  in  phase  and  turning 
rapidly  by  180*  in  the  region  of  the  interferences. 
Full  curves  in  figures  7  and  8  correspond  to  the 
following  simple  expression  of  wave  interferences : 
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e-a(  1 12-x)e- jfi(  112-z)  }  1  ’ 

with  x  in  pm,  a  exponential  decay  coefficient  and  P 
linear  dcphasing  coefficient. 

Excellent  agreement  is  observed  between  this 
simple  model  and  the  measurements.  This  indicates 
the  thermal  waves  generated  at  ohmic  contacts  to  be 
a  good  investigation  means  for  semiconductor 
homogeneity  testing.  We  show  in  the  next  section 
integrated  circuit  thermal  wave  imaging. 

6.  THERMAL  WAVE  INTEGRATED 
CIRCUIT  IMAGING. 

By  flowing  a  sine  wave  current  through 
opposite  contacts  in  the  Van  der  Pauw  test  structure 
presented  in  figure  5,  we  generate  thermoelastic 
surface  waves  in  the  entire  component.  Figure  9 
presents  an  image  of  the  component  obtained  by 
mapping  the  amplitude  of  the  tbermoelastic  first 
harmonic  surface  displacement.We  observe  a 
monotonous  decrease  in  amplitude  starting  from 
both  ohmic  contacts.  This  gives  information 
concerning  the  homogeneity  of  the  semiconductor 
material  around  the  contacts. 


figure  9.  Amplitude  of  Peltier  displacement 
imaging  of  1C 


Figure  10  shows  the  image  obtained  by  mapping 
the  phase  of  the  first  harmonic  surface 
displacement  The  borderline  where  the  two 
opposite  surface  waves  interfere  is  dearly  outlined 
by  the  180*  phase  jump.  The  fact  that  this 
borderline  is  straigth  indicates  the  device  to  be 
homogeneous,  the  propagation  of  the  waves  has 
not  been  altered  by  accidents  in  the  structure. 

7.  DOPING  TYPE  DETERMINATION. 

Relations  (2)  and  (3)  show  that  the  sign  of  the 
Peltier  effect  is  dependent  upon  the  sign  of  the 
current  and  upon  the  doping  type.  We  analyse  in 
table  1  below  the  Peltier  result  for  different 
situations  of  non  degenerated  semiconductor  ohmic 
contacts.  First  line  of  the  table  is  easily  understood 
by  looking  at  the  situation  described  in  figure  1. 
We  take  the  following  convention  :  the  current  is 
positive  when  positive  charges  flow  from  the  metal 
to  the  semiconductor  in  the  ohmic  contact 


Doping 

Current 

sign 

Power 

dissipated 

Peltier 

effect 

n 

+ 

metal  — > 
SC 

'  Ec-Er' 

9 

IZO 

heating 

D 

- 

Ec-E,' 

<  9 

ISO 

cooling 

p 

♦ 

'Er-Ery 

l  9  J 

ISO 

cooling 

p 

- 

L «  J 

IZO 

healing 

Table  1. 

For  pulsed  or  DC  current  we  measure  if  the  contact 
is  expanding  (beating)  or  contracting  (cooling).  We 
can  thus  obtain  from  table  1  the  doping  type  of  the 
semiconductor  provided  the  direction  of  the  current 
is  known.  On  the  contrary  the  direction  of  the 
current  can  be  determined  provided  the  type  of  the 
doping  is  known.  The  same  bolds  for  phase  change 
in  sinusoidal  excitation.  We  have  tested  the 
statements  of  table  1  for  different  dopings  upon  an 
integrated  circuit  and  found  exactly  the 
specifications  of  the  design. 

8.  CONCLUSION. 

We  have  shown  that  the  measurement  of  the 
surface  displacement  of  an  ohmic  contact  with  our 
high  resolution  interferometric  laser  probe  provides 
a  contactless  reading  of  the  current  amplitude 
naming  through  it.  This  reading  is  related  to  both 
the  Peltier  and  Joule  thermoelectric  effects. 
Selective  detection  of  these  effects  is  possible  as 
the  first  is  linear  with  current  intensity  and  the 
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second  is  quadratic.  This  detection  method  upon 
ohmic  contacts  is  the  basis  of  an  optical  ammeter. 
Applications  in  the  field  of  funclionnality, 
reliability  and  fault  analysis  is  readily  seen. 

We  have  also  shown  the  possibility  to  determine 
the  doping  type  of  the  semiconductor  of  the  ohmic 
contact.  This  leads  to  applications  in  the  field  of 
noo-destructive  external  design  inspection. 

We  have  finally  shown  ohmic  contacts  to  be  the 
source  of  thermal  waves  propagating  in  the 
surrounding  material.  The  detection  and  mapping  of 
the  generated  surface  waves,  in  amplitude  and 
phase,  provides  a  new  imaging  method  for 
integrated  circuits.  These  images  ate  new  tools  in 


the  fled  of  quality  and  reliability  testing. 
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Summary 

Failure  rates  of  modern  ASICs  and  ASSPs  can  not  be 
demonstrated  using  reliability  tests  on  product  level. 
Reliability  demonstration  must  be  done  by 
quantifying  the  quality  of  the  process  that  produces 
these  integrated  circuits.  Process  capability  however, 
is  not  fixed  over  time.  As  a  process  gets  more  mature 
process  capability  tends  to  improve.  In  this  paper  we 
introduce  the  concept  of  process  maturity  growth  to 
quantify  the  quality  of  suppliers  processes  as  a 
function  of  time.  The  method  is  illustrated  for  a 
submicron  double  metal  CMOS  process  in  which 
many  mixed  standard  cell  and  full  custom  designs 
are  processed. 


Introduction 

Traditionally  qualification  of  application  specific 
integrated  circuits  (ASICS)  and  application  specific 
standard  products  (ASSPs)  is  done  on  product  level 
This  means  that  after  design,  manufacturing  and 
evaluation  of  the  integrated  circuits,  product  tests  are 
canted  out  to  ensure  product  quality  and  reliability. 
For  several  reasons  this  approach  will  become 
obsolete  in  the  near  future  (Refs.  1-3).  Most 
important  reasons  are: 

•  currently  required  low  failure  rate  levels  can 
no  longer  cote  effectively  be  measured  on 
product  level  because  this  would  require  too 
many  test  samples 

•  decreasing  tima  to  market  of  new  ASIC 
designs  does  not  allow  a  long  qualification 
phase 

•  time  is  a  tread  towards  more  functional 
diversity  and  smaller  manufacturing  volumes, 
full  product  gratification  does  not  pay  off  for 
these  small  manufacturing  volumes 


Fig.  1.  Changing  prerequisites  far  IC 
qualification  processes 


These  developments  are  schematically  given  in  Fig. 
1  and  they  require  a  change  in  vendor/customer 
relationships  with  respect  to  qualification  and 
reliability  demonstration  (Set  3).  From  consumer 
electronics  industry  we  observe  two  changes  that  are 
going  ou  at  tins  moment  First,  the  number  of 
suppliers  delivering  integrated  circuits  are  minimised 
to  a  number  of  preferred  suppliers. 

Secondly,  as  a  consequence,  not  only  the  products  of 
these  preferred  suppliers  are  qualified  but  more 
important  the  design  and  manufacturing  processes  of 
the  supplier  are  qualified.  For  a  semiconductor 
supplier  these  are  the  IC  design  process,  the  wafer 
fab  process  and  the  assembly  process.  This  change 
Grom  product  qualification  to  process  qualification  is 
schematically  given  in  figures  2  and  3. 
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Supplier  Customer 


Fig.  2.  Traditional  type  related  IC  qualification 
processes 

The  approach,  gives  in  Fig.  3  is  conceptually  very 
simple.  It  is  important,  however,  to  emphasise  three 
major  prerequisites,  necessary  far  a  successful 
completion  of  this  process. 

1.  A  supplier  and  a  customer  of  an  integrated 
circuit  should  agree  to  exchange  information 
beyond  the  normal  product  specifications 

2.  A  supplier  and  a  customer  should  agree  what 
parameters  in  (design  and  production)  processes 
of  a  family  oflCs  are  relevant  for  a  customer 

3.  A  supplier  and  a  customer  should  agree  bow  the 
results  of  such  a  process  assessment  me 
monitored;  not  only  during  a  Gist  qualification 
but  also  in  time 

This  process  based  approach  towards  device 
qualificatinn  is  not  new  in  electronics  industry. 
Today  already  many  ASICs  that  are  used  in 
consumer  electronics  products  are  qualified  by  their 
design  and  production  processes.  Some  examples  are 
gate  arrays  and  digital  standard  ceU  designs.  These 
design  technologies  have  in  common  that  design  and 
production  processes  can  be  highly  standardised.  The 
design  freedom  is  limited  and  device  qualification 
can  be  dcae  on  basis  of  design  and  production 
processes  for  two  reasons: 

1.  These  is  a  large  ttuctural  similarity  between  the 
device! 

2.  Performance  and  reliability  are  regularly 
monitored  respectively  demonstrated  whig  a 
representative  teat  device.  For  standmd  ceU  this 
can  be  a  special  designed  IC  with  pert  of  foe 
Unary  and  teat  structure  on  ft. 


Fig.  3.  Qualification,  based  on  design  and  production 
processes 

The  opposite  regarding  design  freedom  are  ASSPs 
that  me  full  custom  designed.  This  is  given  in  Table 
1.  The  freedom  in  this  design  style  is  such  that 
electrical  characterisation  and  reliability 
demonstration  are  typically  done  for  each  IC  type. 
Many  ASIC  designs  that  we  face  in  consumer 
electronics  products  are  standard  cell  designs  with 
some  custom  designed  instances  or  mixed 
digital/analogue  ASICs.  For  cost  and/or  performance 
reasons  they  may  be  realised  in  a  new  production 
technology.  Given  the  developments  from  Fig.  1  it 
are  these  type  erf  ASICs  where  it  is  most  difficult  for. 
to  develop  efficient  standard  process  based 
qualification  procedures. 


IC  type 

type  of 
qusibficrioo 

FPOA/ 
gate  array 

process 

standard  cell 

process 

mixed  std. /custom 
mixed  analogue/dig. 

foil  custom 

ASSP 

type 

Table  1:  Different  types  of  ASICs  in  consumer 
electronics  industry  have  different 
qualification  strategies 

At  this  moment  for  most  of  this  type  of  ASICs  type 
qualification  is  performed.  For  reasons  mentioned 
before  our  goal  is  to  come  to  a  process  way  of 
qualification  also  for  these  type  of  circuits.  In  this 
paper  such  an  approach  is  described  for  IC 
production  process.  Design-  mid  assembly  are  not 
included.  It  is  a  two  step  approach: 

1.  Assess  foe  IC  production  process  for  foe  risks 
involved  for  the  customer 
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2. 


Limit  the  type  specific  qualification  t ests  to  the 
items  that  pose  a  risk  for  the  easterner 

This  approach  is  not  so  straightforward  as  it  may 
seem  because  in  general  process  capability  is  a 
function  of  time.  As  more  products  ase  made  in  a 
specific  process  the  maturity  of  the  process  will 
increase.  To  monitor  this,  we  will  introduce  the 
concept  of  process  maturity  growth  to  be  able  to 
quantify  the  capability  of  the  suppliers  processes 
with  regard  to  customer  products  as  a  function  of 
time. 


Process  maturity  growth 

With  a  simple  example  we  will  illustrate  what  is 
meant  by  process  maturity  growth.  For  this  example 
we  will  use  "process  defect  induced"  early  failure 
rate  (EFR)  as  a  set  of  failure  mechanisms  that  needs 
to  be  described  over  time.  What  typically  is  found 
when  a  new  production  process  grows  towards  a 
mature  process  is  given  in  Fig.  4.  Typically  ooce  the 
process  is  able  to  make  ICs  that  perform  to  function 
and  reliability  (end  of  life)  requirements  (this  is 
called  potential  phase)  the  EFR  is  still  much  higher 
than  the  ultimate  capability  of  the  manufacturing 
line.  Due  to  all  sorts  of  improvement  actions  (e.g.  on 
scratches,  particles)  the  EFR  of  the  new  process 
improves  rapidly.  However  due  to  special  Mure 
modes  the  performance  is  not  continually  decreasing 
but  in  the  beginning  of  the  lifetime  of  the  new 
process  some  "humps’  are  seen  in  EFR  rate  due  to 
some  special  failure  modes.  This  period  is  called 
consistency  phase.  At  the  end  of  the  consistency 
phase  these  special  causes  are  eliminated  and 
remaining  defects  are  successfully  contained  the  EFR 
of  the  new  process  will  become  stable.  Containment 
of  the  defects  can  not  only  be  done  on  process  level 
by  the  control  of  particles  but  also  by  yield  screening 
on  wafer  level  (Ref.  4)  or  by  l^n  testing  on  product 
level  (Ref.  5).  Most  interestingfor  the  customer  of 
products  from  die  new  process  is  the  point  in  time 
where  the  process  defect  induced  EFR  from  the  new 
process  begins  at  the  performance  phase. 


As  an  example  we  have  sketched  the  development  of 
process  defect  induced  EFR  as  a  function  of  time. 
The  maturity  growth  is  valid  for  many  process 
aspects.  Some  of  these  can  be  PCM  parameters, 
random  yield,  PPM  levels,  etc.  Process  parameters 
that  are  under  SPC  typically  develop  in  the  same 
way.  This  is  given  in  Fig.  S. 


Fig.  5.  Different  phases  during  process  life  of  process 
variables  under  SPC 


In  Fig.  5  the  following  three  phases  can  be 
distinguished. 


1.  Potential 


2.  Consistency 


3.  Performance 


At  the  end  of  this  phase  the 
process  is  able  to  produce 
devices  that  conform  to  function 
and  reliability  (end  of  life) 
requirements. 

At  the  end  of  this  phase  all 
special  causes  of  variation  are 
eliminated  so  that  the  yield  and 
early  life  failure  rates  arc  stable. 
During  this  phase  common 
cause  (inherent)  variation  is 
reduced  such  that  quality  and 
early  life  Mure  rates  are  met. 


In  the  previous  examples  we  have  shown  how  the 
SPC  controlled  variables  as  well  as  non  SPC 
controlled  variables  typically  develop  as  the 
production  process  grows  to  a  mature  process.  This 
trend  is  valid  for  many  process  aspects  and  therefore 
a  similar  trend  can  also  be  found  in  the  overall 
process  capability.  In  Fig.  6  an  example  is  given  of 
how  the  overall  process  capability  changes  during  a 
process  lifetime. 

In  Fig.  6  two  lines  are  drawn.  One  is  indicating  Che 
process  capability  of  an  existing  mature  process.  The 
other  line  describes  the  process  capability  of  a  new 
process  which  technology  resemble*  the  mature 
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Fig.  6.  Typical  process  capability  of  a  mature  and 
new  mamtfacturing  process 

We  ice  that  the  mature  process  has  a  stable  process 
capability.  The  capability  of  the  new  prooess  is  at  the 
start  less  than  the  capability  of  the  mature  process 
but  when  the  new  process  becomes  mature  Its 
capability  will  become  better  than  the  existing 
process.  Most  interesting  for  customers  is  the  point  in 
time  where  the  capability  of  the  new  process 
becomes  better  than  the  capability  of  the  existing 
process. 

Because  the  process  capability  of  a  new  production 
process  depends  so  much  on  the  maturity  of  the 
process  we  developed  a  simple  method  to  monitor 
process  maturity  growth. 


Monitoring  prooess  maturity  growth 

In  order  to  monitor  the  maturity  of  the  process  on  a 
regular  basis  we  will  use  maturity  grids.  Maturity 
grids  are  two  dimensional  drawings  in  which  the 
maturity  of  one  process  aspect  can  be  indicated.  The 
maturity  grid  can  have  any  size  but  for  the  sake  of 
simplicity  we  win  use  example  grids  that  have  four 
columns  and  four  rows  mating  a  total  of  sixteen 
fields.  This  grid  is  shown  in  Fig.  7.  The  maturity  grid 
is  a  risk  assessment  tooL  This  means  that  a  customer 
can  rate  the  risk:  that  certain  process  aspects  has  for 
the  products  be  boys  from  the  supplier  for  his 
application.  A  risk  for  the  customer  can  be  defined  as 
the  product  of  foe  chance  on  failures  and  foe  severity 
of  these  failures  for  foe  customer.  Thus: 

Risk  for  customer  = 

F<£ailures)  *  Severity(foilures) 

Along  foe  horizontal  axis  of  a  maturity  grid  the 
chance  for  failures  is  indicated.  Along  foe  vertical 


Fig.  7.  An  example  of  a  maturity  grid 

Position  A1  is  the  area  with  the  highest  risk.  Position 
04  is  the  area  with  foe  lowest  risk.  As  the  suppliers 
process  gets  more  mature  process  items  will  shift 
from  foe  upper  left  comer  to  the  lower  right  corner  in 
the  maturity  grid,  typically  somewhere  along  the 
diagonal  line,  as  indicated  by  the  arrow  in  Fig.  7. 

To  give  a  technical  example  of  a  maturity  grid,  in 
Table  2  we  have  given  the  values  along  foe  axis  for 
the  risk  for  foe  customer  with  respect  to  EFR. 
Although  the  values  along  the  horizontal  axis  are 
purely  illustrative  the  chance  for  failures  is  given  by 
foe  EFR  of  similar  products  in  foe  same  production 
process.  The  consequence  of  a  foiling  device  due  to 
process  defects  is  likely  to  be  that  foe  application  of 
foe  customer  does  not  work  according  to 
specification.  The  severity  of  this  problem  for  the 
customer  largely  depends  on  foe  ability  of  foe 
supplier  to  decrease  foe  EFR.  There  is  a  large 
difference  in  severity  between  the  situation  that  the 
supplier  faces  a  process  limit  or  foe  situation  that  the 
supplier  will  on  short  term  be  able  to  improve  the 
EFR.  Therefore  the  vertical  axis  indicates  the 
severity  of  foe  problem. 


X-axis 

Y-axis 

EFR  (FIT) 

A 

no  improvement,  equipment/ 
process  capability  limit 

1 

>100 

B 

50%  of  all  failures  are  of 
known  cause 

2 

< 100 

C 

most  failure  modes  are 
known,  long  term 
improvement 

3 

<50 

D 

most  failure  modes  are 
known,  short  term 
improvement 

4 

<10 

Table  2.  Values  along  the  axis  for  the  maturity 
grid  regarding  EFR 
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pot  =  process  aspects  of  potential  phase 
perf.  =  process  aspects  of  performance  phase 
cons.  “  process  aspects  of  insistency  phase 


Fig.  8.  Expected  process  maturity  growth 


In  the  approach  presented  in  this  paper  such  a  grid  is 
made  lor  many  process  aspects  that  influence  product 
quality  and  reliability.  By  stacking  all  the  grids  on 
top  of  each  other  it  becomes  clear  which  process 
items  need  most  attention  Grom  the  supplier  and/or 
customer  in  order  to  improve  product  quality  and 
reliability.  In  Fig.  8  a  set  of  maturity  grids  is  given 
that  describes  bow  the  maturity  of  the  process 
typically  will  develop  as  a  function  of  time.  In  this 
figure  the  axes  of  the  maturity  grids  have  become 
continuous  (Ref.  6).  Given  the  maturity  growth  from 
Fig.  6  it  is  expected  that  process  items  from  the 
potential  phase  will  be  mature  before  items  from  the 
consistency  phase.  After  the  consistency  phase  items 
from  the  performance  phase  will  become  mature. 


An  example 

As  was  described  before,  during  the  maturity  growth 
of  a  semiconductor  manufacturing  process  for  many 
process  aspects  three  phases  can  be  distinguished. 
These  are  the  potential  phase,  the  consistency  phase 
and  the  performance  phase.  In  Table  3  the  customer 
concerns  regarding  these  three  phases  are  described. 


customer  concern 

potential  phase 

Is  the  process  capable  erf 
delivering  ICs  that  conform 
to  functionality  and 
reliability  (end  erf  life) 
requirements? 

consistency  phase 

Are  special  causes  identified 
and  removed  on  time  such 
that  no  delivery  problems 
will  occur? 

performance  phase 

Are  EFR  and  quality  levels 
(PPM)  met? 

Table  3.  Customer  concerns  during  process  phases 


Process  defect  induced  EFR  has  been  the  only  failure 
mechanism  that  has  been  treated  so  far  in  this 
summary  as  an  example  failure  mechanism.  Of 
course  in  an  actual  process  maturity  assessment 
many  more  process  items  are  reviewed.  In  this 
section  we  will  shortly  give  an  overview  of  the 
maturity  grids  that  are  used  to  assess  an  industrial 
submicron  double  metal  CMOS  process.  Table  4  lists 
the  most  important  items  of  which  maturity  grids  are 
made.  The  items  mentioned  here  are  only  top  level 
items.  In  order  to  be  able  to  assess  process  details 
while  keeping  an  overall  picture  we  have 
implemented  a  hierarchy  in  this  process  assessment 
For  example  the  EFR  related  maturity  grid  in  the 
performance  phase  was  given  in  Table  2.  However  if 
the  maturity  of  this  item  is  not  D4  the  supplier  is 
asked  to  fill  in  mare  detailed  maturity  grids.  These 
are  based  on  a  pareto  of  the  most  important  failure 
modes  (e.g.  gate  oxide,  litho  defects,  inter-metal 
oxide  particles).  For  each  failure  mode  the  maturity 
status  must  be  indicated. 


1  Technology  maturity  1 

Reliability  evaluation  modules 

Consistency 

Special  causes  in-line  failures 

Special  causes  ESORT  failures 

Special  causes  PCM  failures 

Special  causes  EFR  failures 

Performance 

PPM  risk  factor 

Cnk  PCM  parameters 

I  EFR  risk  factor  1 

Table  4.  Main  groups  of  process  items 


Within  many  of  these  groups  detailed  maturity  grids 
are  drawn.  By  stacking  all  lop  level  maturity  grids 
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we  get  a  good  overview  which  process  aspects  are 
the  least  mature  for  the  product  At  this  moment  we 
have  implemented  the  approach  outlined  in  this 
paper  with  one  supplier  of  ASICs  and  ASSPs  in  a 
submkroo  CMOS  technology.  Since  the  method  has 
been  recently  developed,  at  this  moment  ccjy  one 
maturity  assessment  has  been  done.  Because  the  tool 
is  still  in  an  evaluation  phase  at  this  moment  the 
method  is  used  in  addition  to  the  traditional  way  of 
type  qualification.  In  our  experience  so  far,  we  have 
found  that  there  are  several  advantages  in  using 
maturity  grids  for  describing  process  maturity.  Some 
of  these  are: 

•  the  tool  is  easy  to  use,  people  responsible  (e.g. 
process  engineers,  test  engineers,  reliability 
engineers)  can  fill  in  these  maturity  grids 
easily 

•  the  maturity  grids  give  a  good  overview  which 
process  items  pose  the  highest  risk  for  the 
customer  of  the  ASICs 

•  by  filling  out  the  maturity  grids  on  a  regular 
basis  it  is  passible  to  assess  the  process 
maturity  as  a  function  of  time 


4.  Huston  H.H.,  Clarice,  CJ*..  Reliability  Defect 
Detection,  Monitoring  and  Screening  During 
Processing,  Proc.  ESREF92,  Schwibisch 
Gmtlnd,  Germany. 

5.  McE'.^nSi).,  Reliability  Benefits  of  Iqqq, 
JETTA,  vo!3.nr4,  December  1992. 

6.  Hngge  P-B.  A  Quality  Process  Approach  To 
Electronic  Systems  Reliability,  Roc.  of  the 
Reliability  and  Maintainability  Symposium. 
1993. 


Conclusions 

Future  reliability  targets  of  ASICs  and  ASSPs  can  not 
be  demonstrated  by  product  life  tests.  These  figures 
must  be  shown  by  the  production  process  that 
produces  these  products.  This  requires  a  change  in 
vendor/customer  relationship. 

The  capability  of  the  production  process  is  not 
constant  As  the  process  gets  more  mature  the 
capability  tends  to  improve.  This  is  an  important 
aspect  for  qualification  of  production  processes. 

Once  the  axes  along  the  maturity  grids  are 
established,  maturity  grids  are  easy  to  use.  By 
performing  process  maturity  assessment  on  a  regular 
basis  the  maturity  can  be  found  as  a  function  of  time. 
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ABSTRACT 

The  I/f  noise  of  the  conductive  track,  end  contacts 
and  stationary  wiper  in  non-wire  wound  potentio¬ 
meters  have  been  investigated.  The  resistance  and 
the  noise  of  the  stationary  wiper  are  constriction 
dominated.  Physical  models  are  proposed  to  ex¬ 
plain  experimentally  observed  trends.  Potentiome¬ 
ter  1/f  noise  is  due  to  contact  noise  between  grains 
in  the  track.  Coherence  measurements  serve  as  a 
fast  diagnostic  tool  for  reliability  and  quality 
assessment  of  the  movable  contact. 

1.  INTRODUCTION 

Our  aim  is  to  provide  a  hist  diagnostic  tool  to 
judge  the  quality  and  reliability  of  a  potentiometer 
which  is  often  the  weakest  component  of  a  com¬ 
plex  electronic  system.  The  excess  noise  in  the 
track,  in  a  stationary  wiper  and  in  the  end  contacts 
as  well  as  the  coherence  between  them  are  used  as 
a  fast  and  non  destructive  technique  for  quality 
testing. 

2.  SIMPLE  MODEL  FOR  RESISTANCE,  NOISE 

AND  COHERENCE 

In  our  model  two  parameters  are  used,  (i)  the  ratio 
r  of  'he  noise  of  the  movable  contact  to  the  noise 
of  the  total  resistance,  and  (ii)  the  ratio  a  of  the 
total  resistance  of  the  potentiometer  track  to  the 
resistance  of  the  movable  contact.  Reliability 
problems  can  be  expected  when  v  and  a  depend  on 
the  position  of  the  wiper  contact  on  the  track, 
because  this  points  to  a  fluctuating  pressure  of  the 
movable  contact  on  the  track. 

The  noise  in  conducting  tracks  for  non-wirewound 
potentiometers  is  of  the  same  variety  as  the  noise 
observed  in  thick-film  resistors,  having  power 
density  spectra  inversely  proportional  to  the  fre¬ 
quency  f.  A  refined  treatment  can  be  found  in 
(Ref.  1).  The  resistance  of  the  conductive  track  is 
given  by 

R  =LRa/W=LlqfuiWi  (1) 

with  R  and  Rc  the  track  resistance  and  sheet  resi¬ 
stance  rcpectively;  L,  W  and  t  the  length,  width 
and  thickness  of  the  track  and  q,  fi  and  n  the 
elementary  charge,  the  free  carrier  mobility  and 
concentration  respectively.  Hence  the  sheet  resi¬ 
stance  is  given  by 

Ra=llqiint  (2) 


The  relative  noise  in  the  resistance  of  the  track 
S„/R:  is  inversely  proportional  to  the  track  area 
WL  with  a  proportionality  coefficient  C„  which 


has  the  dimension  r  f  mm!  (Refs.  2-4) 

SJR 1  *Cm ,  WLf-aqiiRIL  2f 

(3) 

hence 

Cm  =  aqftRa  =  ajnl 

(4) 

with  or  the  1/f  noise  parameter.  This  noise  parame¬ 
ter  is  for  homogeneous  films  of  the  order  of  10"* 
(Refs.  2,3). 

Contact  complications  such  as  uniform  films  (Ref. 
5)  or  punched  films  (Ref.  6)  between  wiper  con¬ 
tact  and  track  are  ignored.  Then  the  resistance  of  a 
stationary  wiper  contact  on  the  track  is  given  by 

R;~l/2vaqpji<xRa  (5) 

with  a  the  contact  radius.  For  the  relative  noise  of 
the  wiper  contact  holds  (Ref.  7) 

Sr/Rc  =c*/10ira  3nf  (6) 

The  ratios  <r=R/R,,  and  v=S^/S,  can  be  calculated 
using  (1),  (3),  (5)  and  (6)  and  are  given  by  eqs. 
(7)  and  (8) 

o^RIR~2vaLfWt  (7) 

and 

v  -S„/SK  =(Wi)5/40ir’a  5L  (8) 

The  noise  in  a  stationary  wiper  is  very  sensitive 
(i>«1/  a5)  to  changes  in  contact  spot  diameter 
along  the  track.  This  is  the  physical  background 
why  I/f  noise  and  coherence  measurements  are 
such  sensitive  diagnostic  tools  for  the  detection  of 
wiper  contact  problems  and  reliability  studies. 

We  restrict  ourselves  here  to  coherence  measure¬ 
ments  between  voltage  fluctuations.  The  potentio¬ 
meter  is  biased  with  a  noise-free  constant  current 
source  I  as  in  Fig.  1.  We  assume  that  V,  and  V2 
are  amplified  with  a  noise-free  voltage  amplifier. 
In  fig.  1  the  resistance  and  noise  of  the  end  con¬ 
tacts  on  the  track  are  ignored. 

The  observed  voltage  fluctuations  in  V,  and  V2  are 
due  to  conductance  fluctuations  in  the  track.  The 
spectra  Sy,  and  Sy,  and  the  cross-correlation  spec¬ 
trum  Svivj  are  given  by  equations  (9),  (10)  and 
(11) 

V/2(V5«,>  (9) 
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(10) 


CUJ  (mm8) 


and 


V7’5*, 


The  coherence  function  defined  as 

,  *ly, 

w~ 


Sy  Sy 


(11) 


(12) 


now  becomes 

(,3) 

with  p=R,/R2.  Large  values  of  tVv!  indicate 
relative  small  contributions  of  the  resistance  and 
the  noise  of  the  wiper  contact  to  the  track  resitance 
and  the  noise  of  the  track,  respectively.  This 
points  to  a  reliable  and  high  quality  potentiometer. 


fig.  I;  Measurement  setup.  The  movable  contact 
separates  the  trade  resistance  R  into  R,  and  R? 

The  resitance  of  the  stationary  wiper  contact  on  the 
track  is  presented  by  Rc 


3.  EXPERIMENTAL  RESULTS 
We  have  observed  the  relative  noise  of  tracks  in 
different  potentiometers  with  different  dimensions 
and  sheet  resistance.  For  potentiometers  having  the 
same  sheet  resistance  the  observed  values  of  C  arc 
inversely  proportional  to  the  area  as  can  be  seen  in 
(Ref.  8),  where  C  is  defined  as  fS,/RJ. 

Fig.  2  shows  the  Q.  values  of  several  carbon 
potentiometers  with  different  street  resistance.  Only 
for  constant  values  of  ap  we  can  expect  C^ocR,. 
Fig.  2  shows  that  Q.  is  quadratically  dependent  on 
R.. 

In  fig.  3  the  resistance  of  the  wiper  contact  on  the 
track  is  plotted  versus  the  sheet  resistance.  Becau¬ 
se  R,  increases  Unearily  with  R.  we  conclude  that 
the  contacts  are  constriction  dominated,  without 
film  complications  as  can  be  seen  from  eq.  (3). 
The  same  trend  has  been  observed  in  (Ref.  9). 


R„  (kO) 

fig.  2:  The  values  of  C„=C*W*L  versus  the  sheet 
resistance  for  four  carbon  tracks  of  different  micro- 
structure. 


Rc  (n) 


Ro(o) 

fig.  3:  The  resistance  of  the  movable  contact  versus 
the  sheet  resistance  for  three  different  tracks. 

Ftg.  4  shows  the  spectra  Sy,  (a),  Sy,  (o)  and  the 
coherence  y^y,  (■)  versus  frequency  f  of  a  poten¬ 
tiometer  of  10  kO.  The  large  thermal  noise  contri¬ 
bution  of  R3  shows  up  in  Sy,  above  300  Hz.  The 
values  of  SytV,  and  yV.y,  were  observed  with  an 
HP  35665A  double-channel  FFT  spectrum  analy¬ 
zer.  The  value  of  ■yiVlV1  below  300  Hz  agrees  with 
the  calculated  value  from  our  equations  using  r 
and  p  from  an  independent  measurement.  The 
observed  noise  due  to  conductance  fluctuations  in 
all  investigated  potentiometers  showed  a  1/f  spec¬ 
trum.  The  results  are  summa-rized  in  tables  I  and 

n. 
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Table  I:  Characteristics  and  noise  results  cf  potentiometers  with  a  nominal  value  of  JQkQ 


potentiometer 

no. 

r 

I 

L/W 

(mm/mm) 

R=(B) 

E9 

131 

ES 

m 

i 

noil 

24/1.6 

667 

10“ 

10* 

3.8*10“ 

0.3 

170 

2 

5.3 

24/2.4 

1000 

5*io14 

2*10“ 

2.9*10“ 

0.5 

80 

3 

6.3 

24.7/2.8 

1134 

3*io14 

io-“ 

2.1*10“ 

90 

4 

5.5/0.9 

1636 

10“ 

2*10“ 

5.0*10“ 

1.5 

30 

5 

5.3 

24/2.4 

1000 

3*1(7“ 

5*10“ 

1.7*10“ 

6.1 

50 

6 

4.5 

24/1.6 

667 

10“ 

3*10“ 

3.8*10“ 

0.1 

180 

Table  11:  Characteristics  and  noise  results  cf  potentiometers  with  a  nominal  value  of  lOOkQ 


[potentiometer 
1  “0* 

U<mA) 

L/W 

(mm /mm) 

R=(kO) 

m 

131 

ES 

m 

1  7 

1 

13.8/2.15 

15.6 

5*10“ 

2*10* 

1.5*10“ 

i 

60 

1  8 

2.2 

15.3/1.8 

11.8 

9*10“ 

3*10" 

2.5*10“ 

0.04 

90 

S  9 

2.2 

14.1/2 

14.2 

2*1014 

3*10“ 

5.6*10“ 

2.2 

100 

i  io 

7.1 

36.3/3.9 

10.7 

3*10“ 

10* 

^2MO^ 

0.8 

^7^ 

sv  (v*/Hz)  r\,. 


fig.  4:  The  voltage  noise  spectra  Sv„  denoted  by 
a,  Sv„  denoted  by  o,  and  the  coherence  y’nrr 
denoted  by  ■,  versus  the  frequency  f  with 
R,/R=0.05.  R=9.m  and  1=0. 17mA. 

In  figs.  5  and  6  the  l/f  resistance  noise,  normali¬ 
zed  for  frequency,  fSy,/P  (a)  and  fSyfP  (o) 
observed  in  the  circuit  of  fig.  1,  are  shown  as  a 
function  of  the  position  of  the  movable  contact  for 
two  carbon  potentiometers  together  with  the  pla¬ 
teau  value  of  the  coherence  yv.vi  (■)•  A  high 
value  of  y‘v,Vi  for  p**l  or  R,/R«*0.5  indicates  a 
high-quality  potentiometer,  considering  its  wiper 


contact  noise.  A  large  scattering  in  fSv./F  points  to 
a  non-uniform  resistance  of  the  wiper  contact 
along  the  track  and  is  an  indication  for  a  poor 
quality  potentiometer.  The  l/f  noise  in  the  wiper 
and  end  contact  resistance  or  in  the  end  contact 
resistance  only  is  obtained  from  the  intersections 
of  fSy./F  and  fS^/P  in  figs.  5  and  6  with  the  y- 
axis. 


fS,/I2(Q2) 


0  0.5  1 

R,/R 

fig.  S:fSv,/P,  denoted  by  a,  fSr/P,  denoted  by  o, 
and  -fvtv,  denoted  by  ■,  versus  R,/R.  The  full  line 
is  the  calculated  value  qf  yww  using  (12)  with 
r=2.5*102. 
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fSv/I2(n2)  r',,. 


0  0.5  1 

R,/R 

fig-  6:  fSy/P,  denoted  by  a,  fSy/P,  denoted  by  o, 
and  yVlV„  denoted  by  ■,  versus  R,/R.  The  full  line 
is  the  calculated  value  of  using  (12)  with 
e=l. 

Figs.  S  and  6  also  show  the  experimentally  obtai¬ 
ned  coherence  y1VtV,,  (■)  versus  R,/R,  and  the 
calculated  (full  line).  Fig.  6  shows  the  typi¬ 
cal  results  for  a  poor  quality  potentiometer  with  a 
low  reliability  and  a  relatively  large  contribu¬ 
tion  which  is  not  constant  along  the  track. 

4.  CONCLUSIONS 

Poor  quality  potentiometers  have  too  small  electri¬ 
cal  contact  area  between  wiper  and  track  and  large 
track  conductance  noise.  Carbon  black  resin  types 
are  much  noisier  than  metal-oxide  glass  cermet 
types.  Reliability  problems  occur  when  a  strong 
scattering  in  the  ratio  e=SJSt  is  observed  for 
different  positions  along  the  track.  Early  aging 
after  some  position  shifts  of  the  wiper  along  the 
track  is  better  seen  from  the  noise  (rocl/a5)  than 
from  R^cx  1/a.  Coherence  measurements  serve  as  a 
fest  and  sensitive  diagnostic  tool  for  the  quality 
and  reliability  of  the  movable  contact. 
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ABSTRACT 

This  paper  present  a  comparative  reliability  analysis  of  coated  and  uncoated  PCB's.  The  influence  of  the 
cleanness  process  and  the  different  Winds  of  conformal  coatings  were  evaluated. 


1. INTRODUCTION 

Several  failures  were  detected  in  equipments 
installed  in  high  humidity  environments  or  in  areas 
nearest  to  the  sea-side.  In  these  equipments  the 
PCB’s  were  uncoated  and  the  main  important 
failure  mode  defected  was  sbortrircuil,  caused  by 
dendritic  growth,  between  conductors  or  solder 
joints. 

In  these  tests  the  failures  produced  in  the  field  were 
studied  and  were  compared  wife  the  failures 
obtained  in  fee  climatic  test  in  the  laboratory. 

These  tests  have  been  carried  oat  in  order  to 
reproduce  the  failure  mechanism  and  to  stablish  fee 
mean  time  between  failures  (MTBF)  on  coated  and 
uncoated  PCB's.  Furthermore,  fee  influence  of  the 
cleanness  process,  prior  to  coate  fee  PCB’s,  on  fee 
reliability  was  determined. 


2.TEST  METHODS 

For  comparison  purposes  circuits  without 
protection,  wife  conformal  coating  without 
cleanness  process  prior  to  costing  sad  wife 
cleanness  process  prior  to  costing  were  tested. 
Insulation  resistance  and  dielectric  strength  were 
measured  on  all  test  circuits  prior  snd  after  fee 
climatic  test  The  insulation  resistance  reading  was 
taken  after  application  of  300  V  DC  for  one 
minute.  In  fee  dielectric  strength  measure  test 
voltage  was  applied  by  increasing  from  0  to  1230 
V  DC  at  a  rate  of  300  V/s,  after  which  leakage 
current  was  measured. 


Test  samples  were  subjected  to  a  1000  hours 
compressed  reliability  test,  die  cycle  is  showed  in 
Figure  1.  Test  samples  were  biased  wife  48  V  and 
the  drop  voltage  in  a  limitation  resistance  was 
measured  every  ten  minutes.  Limitation  resistance 
of  1  Mobm  value  were  introduced  in  the  control 
PCB,  outside  of  the  climatic  chamber,  and 
connected  wife  die  samples  in  order  to  limite  the 
current  when  the  dentritic  growth  take  be  place  and 
avoid  die  volatilization  of  the  dentrites  by  the 
power  suddenly  dissipated  through  diem. 

The  aim  of  this  test  was  to  reproduce  the  drops  of 
condensation  during  the  changes  between  night  and 
day,  wicfa  could  be  die  main  principal  mechanism 
of  failure  in  the  field.  Each  cycle  wife  a  duration  of 
3  hours  simulate  one  day.  then  is  possible  obtain  an 
accelerated  factor  of  8. 

Furthermore,  high  temperature  and  high  humidity 
conditions  were  used  in  order  to  accelerate  die 
failure  mechanism,  but  the  acceleration  rate  of  these 
factors  can’t  be  determined  because  several  tests  in 
daferent  conditions  were  necessary  and  it  was 
difficult  to  reproduce  the  drops  of  condensation  in 
different  conditions. 


3.  DISCUSSION 

Test  results  were  {dotted  on  Wesbull  paper.  From 
this  representation  is  possible  to  obtain  dope  (fl), 
scale  (characteristic  life,  t))  and  die  mean  time 
between  failures  (MTBF). 

Uncoated  PCB’s  showed  a  poor  performance  in  all 
fee  manufacturers  tested.  The  MTBF’s  were 
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between  10  end  30  hour*,  die  shape  (0)  wee 
arround  1  is  shown  in  Figure  2.  The  main 
important  failure  mechanism  detected  was  dendritic 
growth  between  solder  joints  and  conductors.  The 
insulation  resistance  and  dielectric  strength  of  this 
circuits  have  an  important  drop. 

Conformal  coated  PCB's  without  cleanness  process 
showed  a  better  perfoanance  than  uncoated  PCB's. 
The  MTBF's  were  between  60  and  80  hours,  the 
shape  were  between  3.5  end  4.2  is  shown  in  Figure 

3.  The  increase  in  the  shape  value  can  be  explained 
by  the  lateness  in  die  access  of  the  humidity  to  the 
surface  of  die  PCB,  however  the  failures  apparition 
rate  increase  foster  at  a  consequence  of  die 
impossibilty  to  the  humidity  of  the 

surface  of  PCB  due  to  the  presence  of  the  coating. 
In  these  samples  the  dendritic  growth  was  present 
in  areas  where  solder  fluxes  residues  were  present. 
These  findings  can  be  explained  by  the  presence  of 
ionic  contamination  on  the  PCB's,  wich  in  presence 
of  moisture,  retained  in  the  manufacturing  process 
of  PCB’s  and  in  the  climatic  chamber,  can  increase 
the  conductivity,  furthermore,  in  these  samples 
blistering  and  worst  adherence  of  coating  to  PCB’S 
were  detected,  at  a  consequence  corrosion  in  die 
conductors  track  was  detected.  Conformal  coated 
PCB's  increased  the  MTBF  at  double  than  uncoated 
PCB’s. 

Conformal  coated  PCB’s  with  cleanness  process 
prior  to  die  application  of  conformal  coating 
products,  showed  the  best  performance  and 
adhesion  of  coating.  The  MTBF  of  these  samples 
were  arround  300  hoars  and  the  shape  was  arround 
3  as  shown  in  Figure  4.  Dendritic  growth  wasn't 
present  in  these  lots  and  the  failure  mechanism 
were  associated  with  dm  failure  on  uncoated 
components  mounted  on  dm  circuit  The  insulation 
resistance  and  dielectric  strength  remained 
unalterable. 

Conformal  coating  products  with  different  chemical 
composition  and  from  different  manufacturers 
showed  no  significant  differences  in  dm  results  of 
dm  coated  PCB’s  in  dm  climatic  testa. 


4. FAILURES  ANALYSIS 

The  main  important  failure  mechanism  detected  in 
dm  samples  failed  in  dm  outside  plant  was  dendritic 
growth  between  dm  solder  joints  with  different 
polarity  or  between  conductor  tracks  of  dm  PCB  as 
shown  in  Figures  5  and  6.  The  failure  occurs  as  a 
consequence  of  die  presence  of  humidity  inside  the 
equipment  which  forms  a  layer  of  a  polar  liquid  on 
the  surface  to  form  an  electrolyte.  This  layer. 


together  with  dm  presence  of  contaminants  and 
bias,  gives  rise  to  chemical  action  at  the  mode  to 
form  positive  metals  ions  (Sn)  which  then  ungrate 
to  the  cathode.  Dentritic  growth  of  the  metal  occurs 
from  the  cathode  to  the  anode  ,  resulting  in 
excessive  current  leakage  and  eventually  a  resistive 
short  is  created,  with  a  resulting  equipment  failure. 

In  the  test  carried  out  in  the  laboratory  dm  same 
failures  detected  in  the  sauqrfes  from  dm  outside 
plant  were  reproduced  ,  as  shown  in  figures  7  and 
8. 

Another  factor  contributing  to  dm  apparition  of  ibis 
failure  mechanism  is  dm  presence  of  solder  flux 
residues  on  dm  board  surface.  The  presence  of  a 
halogen  species  such  is  chloride  ions  in  the  solder 
flux  residues  promotes  dm  formation  of  stable 
complexes  with  the  metals  there  by  helping  to 
dissolve  and  transport  the  formation  of  stable 
conqilexes  with  dm  metals  there  by  helping  to 
dissolve  and  transport  dm  metal  ions.  This  effect 
was  observed  in  the  boards  without  conformal 
coating  (as  shown  in  Figure  7)  and  in  the  boards 
with  conformal  coating  and  with  inadequate 
cleaning  procedures.  Under  test  conditions  and  due 
to  dm  presence  of  solder  flux  residues,  blistering  of 
the  conformal  coating  takes  place  which  allows  the 
access  of  humidity  to  the  board  surface  and  the 
formation  of  dendrites. 

The  boards  with  conformal  coating  and  a  previous 
cleaning  process  did  not  show  this  kind  of  failures 
which  proves  that  dm  presence  of  humidity  and 
contaminants  an  the  board  surface  are  determining 
factors  in  the  apparition  of  this  failure  mechanism. 

5. CONCLUSIONS 

1)  These  tests  confirmed  that  conformal  coating 
products  protect  dm  PCB’s  in  high  humidity 
environments. 

2)  The  cleanness  process  prior  to  dm  application  of 
conformal  coating  is  s  very  important  factor  in 
order  to  obtain  good  adhesion  and  increase  their 
reliability  in  high  humidity  environments. 

3)  The  MTBF  of  cleanness  conformal  coated  PCB’s 
is  15  times  better  tban  uncoiled  PCB’s. 

4)  The  time  compressed  reliability  tests  are  a  good 
method  to  obtain  a  quick  answer  dud  allows  to 
evaluate  different!  manufacturing  process  and 
affecting  factors. 


332 


Figure  1 


! 


i 

* 


i 


UNCOATEO  PCB* 


Tim*  (hour*) 


Figure  2 


COATED  PCB*  WITHOUT  CLEANNESS  PROCESS 


Tim*  (hour*) 


Figure  3. 


2 

1 

0 


-1 


-s 
-e 

-7 

10’  10*  10* 

TImo  (hour*) 

Figure  4. 


CONFORMAL  COATED  PCB*  WITH  CLEANNESS  PROCESS 


334 


V, 


Figure  5. 


/'■  4-  * 

,.jr 


if 

•1, 


OBSERVATION  OF  SIMULTANEOUS  EXTRUSIONS  AND  VOIDS, 
IN  TUNGSTEN-FILLED  SUB-MICRON  VIAS,  INDUCED  DURING 
HIGH-TEMPERATURE  PROCESSING. 


J.A.WOJ1S  MIEEE  MIEE  CEnfl 

Digital  Equipment  Corporation.  South  Queensferry.  Scotland, 
email:  JwallsOtnercy.enet.dec.com 


1.  ABSTRACT: 

Recently,  Shibata  et  al  [1]  demonstrated  the 
sensitivity  of  sub-micron  via  integrity  to  high- 
temperature  processing  after  via  etch.  Initially, 
thermal  expansion  of  Al  into  the  etched  via  takes 
place;  this  results  in  deformation  of  the  tungsten 
plug.  Our  work  indicates  that  subsequent 
contraction  of  the  Al  during  a  period  of  relaxation 
can  give  rise  to  void  formation  in  the  via  during 
electromigration  stress.  This  mechanism  represents 
a  potential  reliability  hazard  for  a  tungsten-plugged 
interconnect  system. 


2.  INTRODUCTION: 

The  recent  work  of  Shibata  et  al  [1] 
demonstrated  the  sensitivity  of  sub-micron  via 
integrity  and  tungsten  plug  formation  to  high- 
temperature  processing  steps  after  via  etch. 
Through  a  length-dependency  study,  two  effects 
were  demonstrated.  Firstly,  deformation  of  the 
tungsten  plug  through  a  thermal  expansion  of  Al 
into  the  etched  via,  and  secondly,  void  formation  in 
the  inter-connecting  lines  due  to  subsequent 
contraction  of  the  Al  during  a  period  of  relaxation. 

Recently  we  have  observed  a  similar  effect 
during  experimentation,  with  the  principle 
difference  being  the  location  of  the  voids.  An  anneal 
step  was  introduced  immediately  after  the  contact 
etch,  on  a  sample  basis,  to  investigate  the  sensitivity 
of  our  process  in  the  light  of  the  work  by  Shibata  et 
aL  In  our  work,  voids  formed  in  the  immediate 
vidnty  of  the  tungsten  vias,  at  the  Ml-W  interface 
(see  figure  1),  and  not  in  the  metal  line  as  reported 
previously.  Initially,  analysis  of  the  foil  sites 
suggested  electromigration  of  Al  away  from  the  Ml- 
W  interface,  but  closer  inspection  revealed  that  vias 
immediately  adjacent  to  the  foil  site  were  similarly 
affected.  Their  location  thus  did  not  relate  to 
electron  current  direction,  and  hence  to  the  expected 
direction  of  mass  transport 


This  paper  describes  failure  analysis 
techniques  by  which  this  phenomena  was  observed, 
the  characteristics  of  this  unique  failure  mechanism, 
and  a  model  to  explain  how  the  effect  of  thermally- 
induced  stress  significantly  reduces  foil  time. 


3.  EXPERIMENTAL  PROCEDURE: 

Test  samples  were  produced  using  a  modified 
production  process  flow;  with  the  omission  of  front- 
end  (transistor)  processing  and  with  an  anneal  step 
added  after  contact  clean,  immediately  prior  to  plug- 
fill.  The  anneal  was  performed  at  450  deg  C  in  H2 
for  60  mins.  The  test  structures  employed  consisted 
of  a  chain  of  twenty  identical  W-plugged  Ml  to  M2 
vias,  with  approximately  200  um  long  Ml  or  M2 
lines  linking  each  via.  200  um  is  greater  that  the 
Blech  length  for  the  metallisation  scheme  employed, 
and  ensures  electromigration  may  take  place.  This 
is  longer  than  the  threshold  length  of  10  um  or 
saturation  length  of  100  um  observed  by  Shibata  et 
al  for  extrusion  formation.  Ml  and  M2  were 
composed  of  AIl%Si0.5%Cu,  the  Ml  linewidth  was 
1.3um,  and  the  nominal  via  diameter  was  0.68  um. 

Electromigration  testing  was  performed  at 
200  C  on  batches  of  16  packaged  parts  from  the  test 
sample  lots.  A  current  of  4.6  mA  was  applied  to  the 
test  structure  which  was  monitored  in  a  Kelvin 
cofiguration  for  changes  in  resistance.  At  this  low 
stress  current,  no  significant  Joule-heating  was 
observed.  A  threshold  of  10%  change  in  the  entire 
structure  resistance  was  set  as  a  means  of  detecting 
the  onset  of  fatal  void  formation.  Smaller  increases 
in  resistance  could  invariably  be  detected,  but  since 
only  gross  voids  such  as  those  reported  previously 
were  of  interest,  this  higher  threshold  sufficed.  Hie 
higher  threshold  also  made  the  task  of  locating  the 
voids  somewhat  easier  during  subsequent  failure 
analysis. 

Control  samples  were  placed  under  similar 
conditions  of  temperature,  but  with  xero  current 
applied,  to  assess  the  effect  of  temperature  alone  as 
an  acceleration  factor. 
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4.  EXPERIMENTAL  RESULTS: 

For  the  annealed  samples  tested,  the  10% 
failure  criterion  was  reached  in  a  considerably 
shorter  time  than  would  have  been  normally 
expected  from  this  structure  under  these  test 
conditions.  The  MTTF  of  all  samples  have  been 
normalised  to  an  equivalent  T50  to  take  account  of 
differences  in  applied  currents  and  test 
temperatures.  This  also  allows  for  meaningful 
comparisons  to  be  made. 

The  results  from  a  single  split  lot  are  shown 
in  table  1: 


sample 

normalised 

T50 

gamma 

Annealed 

173±8hrs 

0.17  ±0.03 

No  anneal 

555  ±61  hrs 

0.36  ±0.1 

Table  1:  Results  from  split  lot 


The  distribution  of  the  failures  in  the  annealed 
wafer  appears  lognormal  as  can  be  seen  from  figure 
2. 

Additional  lots  were  also  annealed,  but 
included  various  process  splits  known  to  affect  T50. 
In  all  cases,  however,  the  normalised  TSO’s  were 
remarkably  similar. 

Clearly  the  effect  of  the  anneal  is  to  activate 
a  dominant  early  failure  mode.  Hie  smaller  gamma 
of  the  annealed  samples  is  also  suggestive  of  a  new 
failure  mechanism. 

No  failures  were  observed  from  the  zero- 
current  samples,  not  even  after  over  2000  hours  of 
thermal  stress. 


6.  FAILURE  ANALYSIS: 

The  failing  areas  were  identified  as  angle  or 
multiple  contacts  within  the  chain  using  the  thermal 
liquid  crystal  technique.  Failing  contacts  were 
sectioned  using  focussed  ion  beam  (FIB),  and  on 
occasions  some  apparent  via  deformation  was  visible 
(see  figure  3.  This  was  initially  mistaken  for  an 
artefact  (oblique  cut)  of  the  FIB  process  due  to  the 
very  occasional  nature  of  the  defect  Furthermore, 
the  visibility  of  any  deformation  was  a  rapid 
function  of  FIB  slice  depth,  and  early  image  quality 
was  poor. 

A  specialised  tripod-mounted  polishing  jig, 
normally  employed  for  TEM  sample  preparation, 
was  subsequently  employed.  This  allowed  fjr  all  vias 
in  the  chain  to  be  polished  and  viewed 


simultaneously.  Also,  better  'slice-depth'  resolution 
could  be  achieved  than  was  attainable  by  FIB. 
Figures  4  clearly  show  the  deformation  at  each  via  in 
the  chain  due  to  the  thermal  expansion  of 
aluminium  into  the  via  during  the  anneal  step.  This 
'mushroom'  style  extrusion  in  the  via  is  identical  in 
appearance  to  that  observed  by  Shibata  et  al. 
However,  no  immediately  obvious  cause  for  a 
resistance  increase  (EM  fail)  was  visible. 

Refininements  to  the  FIB  technique  and  the 
secondary  ion  (SIM)  imaging  enabled  the  extrusions 
to  be  located  with  greater  ease.  This  was  important 
since  there  was  significant  wafer-wafer  and  die-die 
variability  observed.  In  short,  the  extrusions  which 
we  would  have  expected  to  find  were  often  difficult 
to  locate  and  image. 

Closer  inspection  of  some  failing  vias 
indicated  some  small  voids  located  at  the  Ml/W 
interface  as  shown  in  figure  5.  Furthermore,  voids 
were  occuring  at  Ml/W  interfaces  only.  Upon 
comparing  the  current  polarity  to  the  failure  site 
locations,  however,  it  was  revealed  that  the  location 
of  the  voids  did  not  always  relate  to  electron  current 
direction,  and  hence  to  the  expected  direction  of 
mass  transport  A  FIB/SIM  image  of  a  failure  site, 
and  the  immediately  adjacent  vias  is  shown  in  figure 
6.  This  indicated  that  voiding  was  taking  place 
independent  of  current  direction. 

FIB  cross-sections  of  the  zero-current 
samples  were  not  obtained. 


6.  MODELLING  THE  FAILURE  MECHANISM: 

Stress-enhanced  electromigration  is  thought 
to  be  the  mechanism  of  failure  in  this  case  for  two 
reasons.  Firstly,  the  location  of  the  voids  found 
appears  to  not  always  Telate  to  current  direction; 
indeed  voids  were  found  at  the  'upwind'  and 
'downwind*  ends  of  the  Ml  lines.  Secondly,  the 
interconnect  system  used  in  this  study  is  virtually 
symmetrical  about  the  W-plug,  and  yet  no  evidence 
of  voiding  has  ever  been  detected  in  the  M2 
immediately  above  the  via. 

Surprisingly,  however,  no  evidence  of 
voiding  in  Ml  was  found  in  the  electrically  un¬ 
stressed  (zero  eurent)  samples.  Although  this  has  yet 
to  be  confirmed  by  FIB  cross-sectional  analysis,  no 
measurable  resistance  increases  were  observed. 
This  is  supportive  of  a  two-step  failure  process, 
where  the  first  step  is  taking  place  without  an 
applied  stress  current 

Such  a  two-step  process  has  been  postulated 
previously  [2]  whereby  time-to-failure  (tf)  is  the 
summation  of  a  nucleation  time  (tN)  and  a  period  of 
growth,  or  void  movement  (tG): 
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tf  =  tN  +  tG 


(1) 


The  nucleation  and  growth  phases  are  also 
considered  to  have  different  current  density  (j) 
dependencies  [31: 

Nucleation:  dependence 

Growth:  1/j  dependence 

Normally,  the  fail  time  is  dominated  by  a  long 
incubation  period  before  growth  can  take  place, 
hence  tf  is  I/j^  dependent  (or  thereabouts)  for  most 
observations,  and  tf  can  be  modelled  by  the  Shatxkes 
&  Lloyd  relation  [4]: 

tf  =  A  (T/j)2  exp  (Ea/kT)  (2) 


Our  observed  ~4x  reduction  in  lifetime  for 
this  structure  can  be  explained  if  the  rate-limiting 
step  is  the  void  growth  process  with  the  the 
nucleation,  enhanced  by  a  pre-existing  stress 
gradient,  taking  place  almost  spontaneously.  It  is 
proposed  that  the  stress  gradient  is  a  result  of  the 
aluminium  extrusions  induced  by  the  anneal  step, 
and  that  this  is  sufficient  to  considerably  shorten  the 
first  phase  in  the  vicinity  of  the  via  hole. 

It  has  been  argued  that  mechanical  stress 
gradient  and  vacancy  concentration  are  essentially 
the  same  thing  in  that  they  can  be  modelled 
similarly  in  terms  of  their  effect  upon  time-to-failure 
[5].  Our  samples  could  be  considered  as  having  a 
close  to  critical  stress  gradient  in  the  vicinity  of  the 
via  hole  as  a  result  of  the  anneal  step.  This  stress 
was  insufficient  to  result  in  immediate  actual  void 
nucleation  (as  evidenced  from  cross-sections  of 
unstressed  samples),  but  that  soon  after  the  stress 
current  was  applied,  voids  formed  preferentially  in 
the  regions  of  highest  stress,  namely  in  the  Ml 
under  the  vias.  Thereafter  there  followed  a  phase  of 
void  growth  resulting  in  the  failure  of  the  via.  This 
could,  of  course,  occur  at  either  the  'upwind'  or  the 
'downwind'  via  as  we  have  seen. 


7.  CONCLUSIONS: 

Our  initial  analysis  of  the  failure  sites  had 
suggested  electromigration  of  aluminium  away  from 
the  Ml/W  interface,  but  closer  inspection  revealed 
that  vias  immediately  adjacent  to  the  fail  site  were 
similarly  affected.  This  suggested  a  new  failure 
mechanism  was  at  work.  The  anneal  step  after 
contact  etch  was  sufficient  to  enhance  early 
electromigration  failure  through  the  enhancement  of 


the  void  nucleation  process.  Our  results  suggest  an 
n=l  current  dependency  which  can  be  explained  by  a 
pre-existing  critical  stress.  Further  work  to 
evaluate  the  effect  of  current  density  would,  of 
course,  be  required  to  substantiate  this. 

Such  anneal  steps  are  commonplace  to 
permit  the  early  in-line  measurement  of  transistor 
parame tries,  and  anneal  out  plasma-related  oxide 
charges.  We  conclude  that  their  exact  location  in 
the  processing  sequence  is  critical  to  the  reliability  of 
a  tungBten-plugged  interconnect  system. 
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Figure  5:  SIM/FIB  image  of  failing  via  showing  simultaneous  extrusion  and 
voiding  of  the  aluminium  interconnect. 


Figure  6:  SIM/FIB  image  showing  presence  of  multiple  voids  in  vias  adjacent 
to  the  failure  site  shown  in  figure  o. 
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1.  ABSTRACT 

Time-to-failure  and  nesistometric  electromigration 
reliability  models  used  in  the  analysis  of  experimental 
data  to  determine  interconnect  reliability  are  compared 
using  a  new  computer  model  for  simulating  failure  in 
polycrystalline  thin  film  conductors.  The  inclusion  of 
backflux  in  the  model  and  the  use  of  ambient  or 
conductor  temperature  on  the  extracted  failure 
parameters  is  illustrated  and  the  need  for  including 
backflux  in  future  electromigration  studies  is 
demonstrated.  The  limitations  and  unsuitability  of  time- 
to-failure  and  resistometric  models  for  extracting  certain 
material  parameters  is  highlighted  and  a  correlation 
between  the  time-to-failure  and  die  early  stages  of  the 
rate  of  relative  resistance  changes  is  shown. 


where  A  is  a  constant,  7  is  the  conductor  temperature, 
*B  is  the  Boltzmann  constant,  j  is  the  current  density,  n 
the  current  density  exponent  and  Ea  is  the  activation 
energy  of  the  process.  Equation  (1)  is  usually  called 
Black's  equation  and  is  used  to  provide  design  rules 


The  uncertainty  in  the  true  value  of  the  current  density 
exponent  n  (which  is  usually  taken  to  be  either  •  1  or  2) 
has  led  to  this  model  has  being  modified  by  several 
authors.  Shat2kes  &  Lloyd  (Ref.  3)  considered  both 
diffusion  and  electromigration  to  produce  a  modified 
version  of  Black's  equation  with  a  current  density 
exponent  of  2  and  an  additional  temperature  term.  This 
is  expressed  as 


2.  INTRODUCTION 

Electromigration  damage  of  metal  conductors  is  a  major 
cause  of  failure  in  integrated  circuits.  Over  the  past  30 
years  or  so  a  number  of  analytical  and  empirical  models 
have  been  used  in  an  attempt  to  understand  the 
processes  involved  and  provide  design  rules  that 
increase  the  reliability  of  the  conductor.  Unfortunately, 
as  a  result  of  the  numerous  processes  involved  in  the 
conductor  deterioration,  it  has  been  difficult  to 
determine  what,  if  any,  physical  parameters  can  be 
extracted  from  the  experimental  data.  A  new  computer 
model  for  simulating  electromigration  damage  in  thin 
film  polycrystalline  conductors  (Ref.  1)  is  used  to 
analyse  and  compare  three  time  to  failure  models  (based 
on  different  assumptions)  (Refs.  2-4)  and  the  classic 
resistometric  failure  model  (Ref.  5).  The  failure  models 
analysed  are  described  in  section  3  and  the  new 
computer  model  is  briefly  outlined  in  section  4.  Results 
from  the  simulations  are  discussed  in  section  3. 


TTF  =  BT2  j~“  exp(— ^-)  (2) 

kBT 

where  B  is  a  constant  However,  the  assumptions  used 
in  deriving  equation  (2)  neglect  the  void  growth  process 
and  assume  that  the  period  required  for  the  void  to 
incubate  is  the  dominant  failure  process:  if  the  void 
growth  dominates  then  TTF  ■*  T/j  (Ref.  6). 

Another  version  of  Black's  equation  which  assumes  void 
growth  is  the  dominating  failure  mechanism  was 
produced  by  Walter  (Ref.  4).  In  this  model  the  current 
density  exponent  was  taken  to  be  1  while  the 
temperature  coefficients  of  electrical  resistivity  and 
effective  charge  (a  and  P  respectively)  were  introduced. 
This  is  expressed  as 


(l+a7)(l+P7) 


exp(-rrr) 


3.  ELECTROMIGRATION  FAILURE  MODELS 
The  lifetime  test  of  metal  conductors  is  the  most 
common  method  used  for  determining  the  resistance  to 
electromigration  damage.  Due  to  the  statistical  nature  of 
the  results  they  are  usually  presented  in  terms  of  the 
time-to-failure  (TTF)  of  a  group  of  conductors.  This  is 
usually  expressed  as  (Ref.  2) 


TTF  =  Aj~"  exp(— 2-) 
k„T 


where  C  a  constant. 

The  resistometric  method  was  first  used  by  Rosenberg 
and  Berenbaum  (Ref.  3)  who  related  changes  in  the 
resistance  in  the  early  stages  of  conductor  deterioration 
with  damage  primarily  as  a  result  of  electromigtation. 
This  is  a  method  commonly  used  for  determining 
activation  energies,  although  there  have  been  some 
doubts  to  the  validity  of  this  approach  (Ref.  7).  Many 
authors  have  related  the  relative  change  in  resistance  due 
to  electromigration  to  a  term  similar  to  that  used  in  time- 
to-failure  analysis,  i.e. 
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*"4^=D''“p(-t7) 


where  D  is  a  constant 


(4) 


4.  COMPUTER  MODEL 

The  new  computer  model  uses  a  coupled  finite  element 
model  to  produce  a  self-consistent  solution  to  the 
electrical  and  thermal  conduction  equations  in  two 
dimensions.  These  are  used  to  provide  realistic  current 
density  and  temperature  distributions  required  for 
accurately  simulating  electromigration  damage.  Unlike 
previous  models  (Refs.  4,6,8,9)  diffusion  and  stress 
driven  backfluxes  are  included  for  the  first  time. 
Backfluxes  are  calculated  explicitly  in  each  of  the  grain 
boundaries  using  concentration  and  stress  gradients 
resulting  from  the  initial  electromigration  flux.  The 
stress  dependent  diffiisivity  term  is  also  included 
directly  in  the  formulation.  It  is  assumed  that  the  main 
cause  of  the  flux  divergence  is  the  grain  structure  of  the 
conductor  and  that  these  divergences  occur  at  the  triple 
point  junctions  of  the  grain  boundaries. 

The  model  solves  the  transport  equation  for  atomic 
migration  along  a  grain  boundary  in  the  presence  of  an 
electric  field,  stress  gradient  and  concentration  gradient 
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N,bZ',bePJo  cosy 
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where  the  diffusion  constant  Dgj,  is  given  by 

Dtb  =  D°,b  «P(~  E°  ^q'  )s»"(|)  (fi) 


and  the  other  terms  in  (5)  and  (6)  are: 

D°gb  -  constant  of  diffusion 
Ngj,  -  atomic  density 
Z  gb  -  effective  charge 
p  -  electrical  resistivity 
Jo  '  aPPli®d  current  density 
T  -  temperature 

Ea  •  activation  energy  for  diffusion 

SI  -  atomic  volume 

Von  -  stress  gradient 

VNgb  -  concentration  gradient 

na  -  activation  volume 

on  -  hydrostatic  stress 

8  -  angle  of  mismatch  between  adjacent  grain  lattices 
V  -  grain  boundary/current  flow  angle  of  orientation 
gb  -  specifies  grain  boundary  values 


The  angle  of  mismatch  8  between  adjacent  grain  lattices 
is  a  randomly  generated  between  0  and  60  while  the 
angle  of  orientation  between  the  grain  boundary  and 
current  flow  is  determined  by  means  of  a  scalar  product 


The  model  uses  two  iterative  processes,  one  for 
calculating  the  grain  boundary  fluxes  and  another  for  the 
finite  element  calculations  (Ref.  10).  This  is  due  to  the 
computational  expense  of  the  finite  element  calculations 
and  the  stability  of  the  backflux  calculations  which 
require  short  time  steps.  Conductors  are  assumed  to  fail 
when  the  temperature  reaches  the  melting  value  when 
the  conductor  will  break  resulting  in  an  open  circuit. 
While  the  choice  of  failure  criterion  is  rather  arbitrary  it 
is  simple  to  implement. 

£.  RESULTS 

A  set  of  five  conductors  with  different  grain  structures 
have  been  used  in  a  simulation  of  conductor 
deterioration  and  failure.  The  conductors  were 
subjected  to  stress  conditions  typical  of  those  used  in 
experimental  test  conditions.  The  results  from  these 
simulations  have  been  analysed  using  the  reliability 
models  presented  in  equations  (1)  •  (4).  These  are 
commonly  used  to  provide  reliability  design  rules  for 
integrated  circuit  interconnections. 

The  simulated  deterioration  and  failure  of 
polycrystalline  structures  is  similar  to  that  observed 
experimentally  (Refs.  5,11,12).  This  is  illustrated  in 
figure  1  which  shows  the  final  three  finite  element  time 
steps  of  a  conductor  undergoing  failure  with  the  stress 
condition  of  5xI010A/m2  at  175°C  (the  darker  regions 
indicate  where  the  void  is  growing).  This  highlights  the 
rapid  rate  of  deterioration  immediately  prior  to  failure 
and  the  unpredictability  in  the  location  of  final  failure. 
Even  when  the  conductor  is  close  to  failure  (upper 
image)  the  expected  failure  location  is  near  the  left  of 
the  conductor.  However,  this  is  not  the  case  and  there  is 
a  rapid  deterioration  on  the  right  of  the  conductor  where 
the  failure  finally  occurs. 


Figure  1.  Simulated  failure  in  a  polycrystalline 
conductor 
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Figure  2  shows  the  simulated  resistance  change  as  a 
function  of  time  in  the  period  terminating  immediately 
before  failure.  This  illustrates  that  there  are  periods 
where  the  conductor  degradation  is  halted  and  resistance 
decreases.  There  are  also  cases  where  there  is  a  sudden 
increase  in  conductor  resistance  which  just  as  suddenly 
decreases. 


0  »  100  130  »0  BO  300  MO  «0  430 


Figure  2.  Simulated  relative  resistance  change  as  a 
function  of  time  for  five  conductors  with  the  same 
temperature/cuirent  density  conditions. 


In  (current  density) 


Figure  3.  In(TTF)  as  a  function  of  ln(j)  for  simulations 
without  backfluxes  (line  (a))  and  with  backfluxes 
(line(b)). 


The  impact  of  the  inclusion  of  backflux  calculations  in 
the  simulation  model  is  demonstrated  by  the  estimate  of 
the  current  density  exponent.  This  is  illustrated  in  figure 
3  which  shows  a  typical  plot  of  ln(TTF)  as  a  function  of 
current  density  ln(/).  When  backflux  calculations  are  not 
included  a  value  of  approximately  1.04  (figure  3  line 
(a))  is  predicted  for  the  current  density  exponent  in  all 
time-to-failure  models.  This  is  in  agreement  with  other 
simulations  (Refs.  4, 6.8, 9)  but  does  not  agree  with 


values  found  in  experimental  studies  of  approximately  2 
(Refs.  13,14).  However,  when  the  backflux  calculations 
are  included  in  the  simulations  a  value  of  approximately 
2.3  is  obtained  (figure  3  line  (b». 

The  analytic  model  of  Shatzkes  &  Lloyd  (Ref.  3) 
obtained  a  value  of  2  (see  equation  2)  by  assuming  the 
void  incubation  period  is  the  dominant  factor  in 
conductor  deterioration.  However  the  simulated 
conductor  deterioration  is  dominated  by  the  void  growth 
period,  in  fact  there  is  no  void  incubation  present  in 
these  simulations.  Under  these  conditions  a  value  of  1 
would  be  expected  (Refs.  6,8),  however,  a  value  of  2.3 
is  obtained.  This  suggests  that  the  assumption  of  a  void 
incubation  period  is  not  necessary  to  obtain  agreement 
between  theory  and  experiment:  the  key  to  the 
interpretation  of  the  data  is  the  inclusion  of  backflux  in 
the  analysis. 

Comparison  of  equations  (2)  and  (4)  suggest  a 
relationship  between  the  time-to-failure  (TTF)  and  the 
early  late  of  relative  resistance  changes  (Rre).  Maiz  and 
Segura  (Ref.  1 1)  suggested  the  use  of  a  distribution  of 
relative  resistance  changes  when  comparing  time-to- 
failure  with  resistance  changes.  Using  this  method  they 
obtained  a  relationship  of  the  form  TTF=CRrc'm  where 
m  and  C  are  con  tan  ts.  When  all  simulated  time-to- 
failure  (TTF)  and  rate  of  relative  resistance  changes 
(R,,-)  are  considered  together  a  correlation  between 
them  is  found  .  This  is  illustrated  in  figure  4  which 
shows  a  plot  of  InfRj,.)  as  a  function  of  ln(TTF)  for  all 
the  data  obtained  in  the  simulations.  The  form  of  (his 
relationship  is  TTF=0.223Rrc'^11  and  indicates  that 
resistance  measurements  can  be  used  in  producing 
lifetime  parameters  for  use  in  providing  reliability  rules 
for  conductor  design. 


tn  (ttaot  to  faQu%) 

Figure  4.  Relationship  between  the  early  rate  of  relative 
resistance  change  and  the  time-to-failure. 


Table  1  shows  the  avenge  activation  energy  predicted 
using  the  time-to-failure  models  (Refs.  2-4)  and  the 
classic  resistometrc  method  (Ref.  S)  with  both  ambient 
and  conductor  temperatures.  Comparing  the  estimated 
activation  energies  with  the  default  value  of  05  leV  used 
in  the  simulations  clearly  demonstrates  the  dangers  in 
relating  the  time-to-failure  and  resistometric  activation 
energies  with  that  associated  with  diffusion.  Time-to- 
failure  analysis  is  less  accurate  than  the  classic 
resistometric  method  (although  the  model  of  Shatzkes 
and  Lloyd  (Ref.  3)  is  only  slightly  less  accurate  than  the 
resistance  model).  However,  even  the  resistometric 
model  produces  an  estimate  (0.45eV)  which  is  still 
considerably  lower  than  the  default  value  (0.5  leV).  The 
use  of  the  conductor  temperature  in  estimating  the 
activation  energy  exponent  merely  increases  the  value  in 
all  failure  models  (Refs.  2-5).  In  general,  this  is  closer 
to  the  activation  energy  for  diffusion  however  this  is  not 
always  the  case:  Conductor  3  analysed  using  the  model 
of  Shatzkes  and  Lloyd  (Ref.  3)  produced  estimated 
activation  energies  of  0.50eV  and  0.57eV  using  ambient 
and  conductor  temperatures  respectively. 


Table  1.  Activation  energy  Ea  estimated  using  time-to- 
failure  (TTF)  and  Classic  Resistometric  analyses 


Temperature 

Used 

Model  Type 

Activation 
Energy  (eV) 

reference 

Ambient 

TTF 

0.29 

[2) 

Conductor 

TTF 

0.33 

(2) 

Ambient 

TTF 

0.37 

(3) 

Conductor 

TTF 

0.43 

[3] 

Ambient 

TTF 

0.30 

[4] 

Conductor 

TTF 

0.35 

[4] 

Ambient 

Resistometric 

0.39 

[5) 

Conductor 

Resistometric 

0.45 

J _ 

6.  SUMMARY  AND  CONCLUSIONS 
A  new  compute  model  for  simulating  failure  in 
polycrystalline  thin  film  conductors  has  been  used  to 
study  three  time-to-failure  (TTF)  and  the  classic 
resistometric  electromigration  reliability  models. 
Unlike  previous  computer  models  (Refs.  4, 6, 8, 9) 
diffusion  and  stress  driven  backfluxes  have  been 
included  for  the  first  time.  The  results  demonstrate  the 
limitations  and  unsuitability  of  the  time-to-failure  and 
resistance  models  in  extracting  certain  material 
parameters  (e.g.  thermal  activation  energy)  and 
highlighted  the  need  for  including  backflux  in  the 
simulation  model. 

A  direct  correlation  between  the  time-to-failure  and  rate 
of  relative  resistance  change  was  found  when  all 
conductors  arc  considered  together.  Also,  the  variance 
in  the  results  obtained  using  the  resistometric  method 


(0.04  for  Ea  and  0.17  for  n)  are  smaller  than  those 
obtained  using  the  time-to-failure  models  (these  are,  for 
Ea  and  n  respectively,  0.09  &  1.03  using  equations  1,  2 
and  3).  This  suggests  that  resistance  measurements  can 
be  used  in  producing  lifetime  parameters  for  use  in 
providing  reliability  rules  for  conductor  design. 

The  use  of  ambient  or  conductor  temperature  on  the 
extracted  failure  parameters  has  also  been  studied. 
While,  in  general,  the  use  of  the  conductor  temperature 
give  more  accurate  estimates  of  the  activation  energy  for 
diffusion  this  is  not  always  the  case. 
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SHAPE  CHANGES  OF  VOIDS  IN  BAMBOO  LINES: 
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Seestr.  71. 70174  Stuttgart,  Germany 


1.  ABSTR4CT 

The  behaviour  of  eleclromigration-induced  voids  in 
narrow,  unpassivated  aluminum  interconnects  is 
examined.  Failure  voids  are  categorized  in  two 
different  types:  extended  wedge-shaped  voids  and 
narrow  slit-like  voids.  The  occurrence  of  slits  is  found 
to  increase  with  decreasing  current  density  and  line 
width.  It  is  observed  that  shape  changes  of  voids  lead 
to  the  formation  of  the  slit-like  voids.  These  shape 
changes  may  consume  a  major  part  of  the  lifetime  of 
a  conductor  line.  A  model  to  describe  the  evolution 
of  the  void  shape  is  presented. 


2.  INTRODUCTION 

Failure  of  metallic  interconnects  is  considered  to  be 
a  key  concern  in  the  reliability  of  microelectronic 
devices,  which  is  further  accentuated  by  the 
continuing  trend  toward  miniaturization.  The 
phenomenon  of  electromigration  is  one  possible 
reason  for  such  failures:  transport  of  matter  driven  by 
high  electric  currents  produces  damage  in  the  lines 
(e.g.  Ref.  1).  Failure  then  results  from  voids  growing 
over  the  entire  line.  In  the  last  years,  microscopy 
studies  have  revealed  that  these  voids  are  able  to 
move  along  the  conductor  line  (Refs.  2-6)  and  more 
recently,  it  was  reported  that  in  bamboo  inter¬ 
connects  voids  grow  transgranulariy  with  a  slit-like 
morphology  (Refs.  7-10).  Further  it  was  observed  dud 
voles  which  produced  an  open  circuit  show  a  specific 
asymmetric  void  shape.  In  contrast  to  the  contour  of 


Fig.  1:  SEM  micrograph  exemplifying  an  extended 
wedge-shaped  void  in  a  pure  Al  line.  Testing 
conditions:  line  width  1.8  pm.  current  density  1.2 
MAI  cm2,  and  temperature  227°C.  Electron  flow  from 
right  to  left. 


the  void  at  the  anode  end,  the  cathode  boundary  is 
flat  and  more  or  less  perpendicular  to  the  line  (Ref. 
11).  Interrupted  electromigration  tests  revealed  that 
in  addition  to  void  nuclealion,  growth,  and  motion, 
void  shape  changes  can  consume  a  major  part  of  the 
lifetime  of  a  conductor  line  and  may  be  the  decisive 
mechanism  in  the  formation  of  a  slit-like  trans- 
granular  void.  It  is  the  aim  of  this  article  to  elucidate 
the  conditions  under  which  slit  voids  occur  and  to 
identify  the  driving  forces  behind  the  shape  change. 


3.  EXPERIMENTAL 

Two  different  sets  of  samples,  pure  Al  and  Al- 
0.5%Cu-I.0%Si.  were  provided  from  different 
manufacturers.  The  films  had  been  sputter  deposited 
onto  thermally  oxidized  silicon  wafers.  Film 
thicknesses  were  0.3  pm  (pure  Al)  and  0.83  pm 
(AlSiCu).  Parallel  line  arrays  of  20  lines  with  a 
length  of  1  mm  and  line  widths  in  the  range  of  1-3 
pm  were  patterned  using  standard  lithography  and 
etching  techniques.  Prior  to  patterning,  the  Al  film 
was  annealed  in  forming  gas  at  400°C  for  43  minutes, 
resulting  in  a  grain  size  of  1.4  pm.  The  AlSiCu 
samples  were  annealed  in  forming  gas  after 
patterning  at  480°C  for  20  minutes  resulting  in  a 
grain  size  in  the  continous  film  of  1.9  pm.  All 
samples  were  tested  without  passivation. 

Electromigration  testing  was  performed  on  wafer 
level  using  two  different  types  of  experimental  set¬ 
up:  probe  station  including  a  hot  chuck  with  post- 


Fig.  2:  SEM  micrograph  showing  a  slit-like  void  in  an 
AlSiCu  line.  Testing  conditions:  line  width  1.9  pm, 
current  density  1.2  MAI  cm2,  and  temperature  227°C. 
Electron  flow  from  right  to  left. 
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Fig.  3:  Experimental  electromigration  damage  map 
for  AlSiCu:  the  fraction  of  slit  failures  is  shown  as  a 
function  of  current  density  and  the  ratio  of  line  width 
to  grain  size. 

testing  failure  analysis  and  in-situ  testing  in  an  SEM 
with  a  specially  designed  prober  module.  Tests  were 
performed  under  constant  voltage  conditions  with 
current  densities  in  tbe  range  of  0.7  to  2^  MA/cm2, 
at  a  temperature  of  227°C.  Further  experimental 
details  and  results  can  be  found  in  Ref.  12. 


4.  ANALYSIS  OF  VOID  DAMAGE 

The  detailed  investigation  of  several  hundred  failure 
sites  suggested  a  differentiation  of  fatal  voids  into  at 
least  two  different  categories,  which  are  exemplified 
in  Figs.  1  and  2:  a  more  or  less  extended  wedge 
shaped  void  (Fig.  1),  or  a  narrow  slit'Uke  void  (Fig 
2).  The  voids  were  found  to  have  a  characteristic 


Fig.  4:  Experimental  electromigration  damage  map 
for  Al. 


asymmetry  (Ref.  11),  when  the  boundary  of  the  void 
at  the  cathode  end  is  perpendicular  to  the  line. 
Wedge  voids  are  usually  found  to  be  intergranular, 
while  slits  are  apparently  transgranular.  Systematic 
trends,  consistent  with  other  reports  (Refs.  8  and  13). 
for  the  occurrence  of  slit  failures  were  observed. 
These  observations  are  summarized  in  experimental 
damage  maps  in  Figs.  3  and  4  where  the  relative 
fractions  of  failures  due  to  slit-  and  wedge-shape 
voids  are  shown  as  a  function  of  current  density  and 
the  ratio  linewidth  to  grain  size.  It  is  shown  that  the 
importance  of  slit  failures  increases  with  continuing 
miniaturization  (decreasing  line  width)  and 
decreasing  current  densities.  The  latter  corresponds  to 
the  transition  from  accelerated  testing  conditions  to 
use  conditions  and  might  severely  affect  the 


Fig.  S:  SEM  micrographs  showing  a  time  sequence  of  void  nucleation  ( left ),  growth  (middle),  and  ultimate  failure 
due  to  shape  change  (right).  Testing  conditions:  line  width  1.2  pm,  current  density  1.75  MAJcn?,  and  temperature 
225  “C.  Electron  flow  was  from  right  to  left. 
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prediction  of  time-to-failure  under  use  conditions 
from  accelerated  mats. 

Fig.  3  shows  an  example  of  the  formation  of  a  slit¬ 
like  failure.  Typically  nucleation  occurs  at  the  edge 
of  the  conductor  line  as  shown  in  Fig.  5a.  The 
subsequent  growth  is  observed  to  be  linear  with  time, 
but  the  ultimate  failure  is  very  often  related  to  a  void 
shape  change.  The  void  in  Fig.  5b  has  a  mote  or  less 
rounded  void  tip  and  a  measured  size  of  0.24  4m2 
(void  area  on  the  micrograph).  The  void  then  extends 
across  the  line  by  becoming  narrower  without 
significant  further  void  growth  (Fig.  5c,  void  area 
0.26  pm2).  The  final  shape  of  the  void  exhibits  the 
asymmetry  described  above.  In  addition  the  void 
moves  slowly  over  a  distance  of  0.6  pm  (Fig.  5a  to  b) 
and  0.1  pm  (Fig.  5b  to  c)  against  the  electron  flow 
direction. 

Many  of  the  slit-like  voids  were  found  to  start  from 
small  voids  at  the  edge  of  a  line,  as  shown  in  Figs.  2 
and  5.  It  is  striking  that  the  growth  direction  of  such  a 
slit  is  either  perpendicular  to  the  electron  flow  or 
more  often  tilted  against  the  electron  flow.  Slits 
which  grew  in  the  direction  of  the  electron  flow  were 
very  rarely  observed. 


5.  MODELING  OF  SHAPE  CHANGES 

Our  results  suggest  that  surface  diffusion  on  the  void 
surfaces  is  responsible  for  the  void  shape,  which  can 
lead  to  narrow  slit  failures  as  shown  in  Fig.  5.  An 
analytical  treatment  of  void  motion  and  shape 
changes  by  diffusion  on  the  void  surface  is  presented 
in  Ref.  14.  It  has  been  shown  that  a  semi-circular 
void  in  an  infinite  half-space  does  not  change  its 
shape  under  the  action  of  an  electron  wind,  but 
moves  along  the  edge  of  the  half-space  against  the 
electron  flow.  In  contrast,  a  void  with  an  semi¬ 
elliptical  shape  transverse  to  the  electron  flow 
direction  suffers  a  shape  distortion  which  tends  to 
produce  a  flatter  face  at  the  cathode  end  and  a  slight 


lateral  growth  of  the  void.  This  result  is  in  good 
qualitative  agreement  with  our  experimental 
observations.  The  analytical  treatment  is  however 
limited  to  simple  initial  shapes  and  cannot  predict  a 
full  temporal  evolution  of  the  void  shape.  In  addition 
it  is  not  possible  to  treat  a  void  in  a  narrow  line, 
because  'edge*  effects  cannot  be  included  in  the 
analytical  treatment 

Therefore  a  numerical  model  was  developed  which 
describes  the  motion  and  shape  evolution  of  a  “two- 
dimensional  void"  in  an  isotropic  medium  when 
subjected  to  a  high  current  density.  Current  density, 
temperamre  distribution  and  resulting  thermal  stress 
in  the  vicinity  of  a  void  are  calculated  by  application 
of  a  commercial  finite  element  code  (ANSYS, 
Swanson  Analysis  Systems,  Inc.).  Subsequently  the 
void  shape  changes  by  surface  diffusion  are 
examined  using  a  finite  difference  scheme,  which 
includes  the  influence  of  gradients  in  curvature  along 
the  void  surface.  The  drift  velocity  v„  of  a  point  on 
the  void  surface  (which  was  used  as  a  node  in  the 
previous  finite  element  calculation)  can  be 
calculated  using  Eqs.  1  and  2: 


6DS  A  f  Apl 

*n  * - eZ*PJs  +  -  (1) 

kT  As|_  As  J 

and 

Ap  -  -O  (yAic  -*•  A o)  f2) 


where  Ds  is  the  surface  diffusivity.  5  the  thickness  of 
the  surface  phase,  eZ*  the  effective  charge,  p  the 
resistivity,  j,  the  surface  component  of  the  current 
density,  p  the  local  chemical  potential,  and  As  the 
are  length  along  the  surface.  O  is  the  atomic  volume. 
7  the  surface  energy,  k  the  curvature  of  the  surface. 


j=6  MA/cm2  j  =  2  MA/cm2 


AT=2.62  K 


AT=2.71  K 

AT=2.75  K 


Fig.  6:  Results  of  the  finite  element  calculations:  current  density  distribution  in  the  vicinity  of  a  semi-circular 
void  with  a  radius  of  0.6  (tm  in  a  1  fan  wide  Al  line  and  a  applied  current  density  of  2  MAJcnr  (left),  and  resulting 
temperature  distribution  (right). 
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Fig.  7a:  Time  sequence  showing  a  void  shape  change  as  calculated  by  the  numerical  simulation.  The  time  is 
given  in  arbitrary  units.  The  height  of  the  frame  is  equal  to  the  line  width  used  in  the  simulation. 


Fig.  7b:  SEM  micrograph  of  a  fatal  void  in  an  MSiCu 
line,  showing  the  predicted  asymmetric  void  shape. 


surface,  and  a  the  local  hydrostatic  stress. 

As  an  example  of  this  investigation.  Fig.  6  shows  the 
behaviour  of  an  initially  semi-circular  void,  with  a 
radius  of  0.6  pm  in  a  1.0  pm  wide  line  A1  stressed 
with  a  current  density  of  2  MA/cm2.  Fig.  6a  shows 
the  distribution  of  the  current  density  and  Fig.  6b  of 
the  temperature  in  the  vicinity  of  the  void  As 
expected,  the  highest  values  for  current  and 
temperature  were  obtained  at  the  void  tip. 
Consequently  the  highest  compressive  stresses  were 
calculated  in  this  region.  It  turned  out  that  a 
compressive  stress  is  much  more  critical  for  failure 
by  shape  change  than  a  tensile  stress,  because  the 
chemical  potential  is  raised  and  this  favors  diffusion 
away  from  the  tip.  The  full  temporal  evolution  is 
shown  in  Fig.  7a  and  compared  with  a  fatal  void  in  a 
AlSiCu  line  (lug.  7b).  As  a  result  of  the  numerical 
calculation  two  important  features  are  obtained:  fust, 
the  void  moves  in  the  opposite  direction  from  the 
electron  wind  (as  experimentally  observed,  e.g.  Ref. 
5).  Second,  the  void  exhibits  a  shape  change  which 
produces  the  characteristic  asymmetry.  The  ultimate 
failure  of  the  line  is  due  to  the  rapid  growth  of  a  slit 
at  the  cathode  end  of  the  void  The  void  volume  does 
not  change  in  this  simulation. 


6.  DISCUSSION 

The  extended  failure  analysis  shows  that  the 
occurrence  of  slit  voids  depends  strongly  on  the 
microstructure  of  the  film,  line  width  and  testing 
conditions.  These  dependencies  can  be  rationalized 
as  shown  in  Ref.  IS.  where  a  theoretical  damage  map 
(similiar  to  Fig.  8)  was  developed.  Comparing  our 
experimental  maps  with  the  theoretical  map,  it  is 
encouraging  that  the  simplified  approach  which  was 
used  to  obtain  the  theoretical  map  leads  to 
qualitative  agreement  with  the  experimental 
observations.  It  is  striking  that  the  occurrence  of  slit¬ 
like  voids  in  the  pure  A1  is  shifted  to  lower  current 
densities  and  line  width/grain  size  ratios  in 
comparison  to  the  alloyed  metallization.  It  is 
conceivable  that  the  addition  of  Cu  slows  down  the 
formation  and/or  growth  of  wedge-type  voids  and 
enhances  the  lifetime  under  testing  conditions.  But 
the  Cu  and  Si  additions  seem  to  favor  the  formation 
of  slit-like  voids,  which  will  be  the  dominant  failure 
mechanism  under  use  conditions. 

Obviously  the  initial  circular  shape  of  the  void  is 
stabilized  by  the  surface  tension.  In  the  calculations 
the  surface  energy  was  chosen  as  y  =  1  3/m2.  Using  a 
smaller  surface  energy  would  lead  to  a  more  rapid 
failure  and  a  narrower  slit  in  the  final  void  shape.  In 
order  to  avoid  the  formation  of  slit  voids,  a  high 
surface  energy  would  be  favourable.  It  can  be  argued 
that,  in  fact,  the  additions  of  Cu  and  Si  might  lower 
the  surface  energy  by  segregation  to  the  void  surface 
and  promote  the  formation  of  a  slit 

These  considerations  have  several  important  aspects 
for  the  design  of  new  metallization  alloys.  The 
strategy  of  raising  the  mechanical  strength  of  the 
conductor  line  in  order  to  increase  the 
electromigration  resistance  (Refs.  16-18)  might  be 
limited  Certainly,  strengthening  the  alloy  suppresses 
voiding  under  testing  conditions,  but  could  increase 
the  importance  of  slit  formation  under  use  conditions. 
It  appears  that  optimizing  an  alloy  for  accelerated 
test  conditions  does  not  guarantee  an  optimum  alloy 
under  use  condditicms.  Following  the  results  of  the 
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I.  REFERENCES 


line  width/  grain  size 


Fig.  8:  Schematic  of  a  theoretical  electromigration 
damage  map  for  near-bamboo  lines  (after  Ref.  15): 
The  upper  curve  delineates  the  area  for  which  void 
growth  or  void  nucleation  control  the  time-to-failure. 
The  lower  curve  marks  the  transition  to  failure  by  slit 
formation. 


present  simulations,  the  decisive  material  property 
would  be  a  high  surface  energy  to  stabilize  a  round 
void  shape  and  to  avoid  slit  formation. 


7.  SUMMARY 

1.  An  experimental  damage  map  has  been 
presented,  which  shows  a  trend  towards  suppression 
of  wedge-type  voids  with  decreasing  current  density 
and  line  width/grain  size  ratio.  Under  these 
conditions  slit-lilce  voids  are  more  likely  to  form.  The 
transition  from  one  void  type  to  the  other  is  shifted 
for  pure  A1  to  lower  current  densities  and  narrower 
lines. 

2.  A  model  which  assumes  that  diffusion  on  the 
surfaces  of  the  void  is  the  decisive  mechanism  for 
shape  changes  was  able  to  successfully  reproduce  the 
typical  asymmetric  shape  of  fatal  voids. 

3.  Reliable  extrapolations  of  lifetime  data  from 
accelerated  laboratory  conditions  to  use  conditions 
have  to  consider  the  change  of  the  failure 
mechanism.  In  the  same  way,  a  uniform  strategy  for 
new  metallization  alloys  will  have  to  include  these 
effects. 
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Abstract  The  activation  energy  of  electro¬ 
migration  in  “bamboo”  type,  passivated  Al- 
!%Si/TiN/Ti  lines  was  determined  by  means 
of  high-resolution  resistance  measurements  at 
wafer  level.  Both  very  early  stages,  with  a  non 
linear  behaviour  of  the  resistance,  and  follow¬ 
ing  stages,  characterized  by  an  approximately 
constant  rate  of  resistance  change,  were  ana¬ 
lyzed  with  an  existing  model  that  correlates  elec¬ 
tromigration  and  mechanical  stress  evolution. 
An  activation  energy  could  be  extracted  only  in 
the  phase  of  linear  resistance  increase,  where  a 
value  of  0.95 eV  was  found.  Diffusion  at  the 
interface  between  Al-Si  and  the  barrier  metal 
or  the  passivation  could  be  responsible  for  this 
value  of  the  activation  energy. 

1.  INTRODUCTION 

ElectromigTation  (EM)  is  electronic-current- 
induced  atomic  diffusion,  essentially  due  to  mo¬ 
mentum  transfer  from  electrons  to  atoms  in 
tlie  conductor  (the  so-called  “electron  wind”) 
[1].  If  one-dimensional  atomic  motion  is  con¬ 
cerned,  the  force  applied  by  the  electron  wind 
is  Fe  —  Z’gE  ~  Z'gpj,  where  g  is  the  elec¬ 
tronic  charge,  p  the  metal  resistivity,  E  the 
electric  field,  j  the  current  density  and  Z *  is 
an  “effective  charge  number” ,  usually  negative 
since  atoms  are  pushed  in  the  electronic  flow 
directions. 

It  is  well  known  that  thin  metallic  films  de¬ 
posited  on  oxidized  silicon  substrates  are  usu¬ 
ally  in  a  highly  stressed  state.  The  stress  in 
the  crystalline  matrix  is  usually  induced  by  the 
thermal  treatments  the  devices  undergo  dur¬ 
ing  technological  steps,  but  it  can  also  be  orig¬ 
inated  by  the  metal  deposition  itself  (intrinsic 
stress). 

If  we  restrict  our  study  to  A1  and  Al-alloys, 


which  are  the  most  widely  used  in  VLSI,  it  is 
commonly  found  that  at  room  temperature  the 
thermally-induced  stress  is  of  tensile  type.  This 
can  be  explained  if  one  recalls  that  the  thermal 
expansion  coefficient  of  A1  is  much  greater  than 
that  of  Si  and  deposited  oxides.  As  a  conse¬ 
quence,  following  a  relatively  high  temperature 
process  (typically  400°C  during  passivation  de¬ 
position),  the  metallization  tends  to  shrink  rel¬ 
ative  to  the  substrate,  and  a  tensile  stress  forms 
in  the  A1  line. 

Tezaki  et  al.  published  experimental  results 
of  metal  stress  in  passivated  2  pm  wide  Al- 
Si  lines  during  temperature  cycles  [2].  They 
demonstrated  that  at  room  temperature  huge 
thermal  stresses,  of  the  order  of  200-400  MPa, 
arise  in  the  metallizations.  Anyway,  these  val¬ 
ues  are  much  lower  than  what  can  be  simulated 
starting  from  a  zero-stress  state  at  the  tempera¬ 
ture  of  passivation  deposition  [3).  This  suggests 
that  stress  relaxation  through  void  growth  oc¬ 
curs  during  cooldown  and  room  temperature 
aging  [3], 

Thermally  induced  stress  is  not  the  only 
source  of  mechanical  stress  in  the  metal  lines  of 
integrated  circuits,  high  current  tests,  accumu¬ 
lation  and  depletion  of  atoms  due  to  EM  lead 
to  local  changes  in  the  mechanical  stress  a  of 
the  line  [4] .  This  effect  is  enhanced  by  the  pres¬ 
ence  of  a  passivation.  A  stress  gradient  arises 
between  accumulated  (more  compressed)  and 
depleted  (in  a  more  tensile  state)  parts  of  the 
metal  line,  thus  creating  a  back  flow  of  atoms. 
Then,  the  local  atomic  flux  assumes  the  follow¬ 
ing  form: 

=  (VNtt/kT)[n(dc,/dx)  +  iy  (i) 

where  Na  is  the  atomic  concentration,  fl  the 
atomic  volume  1/JV„,  IcT  the  thermal  energy 
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per  atom  and  D  is  the  applicable  seif-diffusion 
coefficient,  which  depends  on  the  diffusional 
mechanisms  acting  inside  the  polycrystalline 
material  (grain  boundary,  bulk,  dislocation  as¬ 
sisted  diffusion,  etc.). 

Even  if  eq.  (1)  and  the  theory  behind  it  are 
generally  accepted  by  the  research  community, 
different  models  related  to  the  basic  physical 
mechanisms  leading  to  EM  have  been  proposed 
[4-8],  but  the  overall  comprehension  of  the 
phenomenon  is  still  unsatisfactory. 

The  aim  of  this  paper  is  to  demonstrate 
the  capability  of  a  high  resolution  resistomet- 
ric  method  for  electromigration  [9]  to  test  the 
validity  of  existing  EM  theories,  taking  into  ac¬ 
count  the  effect  of  the  stress. 

Since  resistance  fluctuations  can  be  induced 
both  by  EM  and  by  thermal  instabilities  of  the 
ambient  in  which  an  EM  measurement  is  per¬ 
formed,  a  good  high  resolution  EM  technique 
should  be  insensitive  to  these  temperature- 
induced  fluctuations.  In  this  work  the  compen¬ 
sation  of  temperature  fluctuations  is  achieved 
by  means  of  a  ratio  of  resistances  flO]. 

An  introductory'  section  will  be  devoted  to  a 
brief  description  of  a  new  stress-diffusion  EM 
model  [8],  which  tries  to  describe  with  rela¬ 
tively  simple  mathematics  the  complex  inter¬ 
action  between  mechanical  stress  and  EM,  and 
to  the  assumptions  that  have  to  be  made  to  cor¬ 
relate  the  results  of  this  model  with  resistance 
changes  during  EM. 

Experimental  results  obtained  with  the  high 
resolution  resistometric  technique  will  be  pre¬ 
sented  and  the  stress-diffusion  EM  model  will 
be  adopted  to  describe  quantitatively  the  mea¬ 
sured  resistance  behaviours  when  a  high  stress¬ 
ing  current  is  introduced  in  the  narrow  metal 
hues. 

A  short  discussion  will  follow,  with  the  aim 
to  highlight  some  limitations  still  present  in 
this  theory. 

2.  EM  MODEL  AND  RESISTANCE 
VARIATIONS 

Recently,  several  research  groups  developed  an¬ 
alytical  or  numerical  models  of  early  stages  of 
EM  [4  -  8],  Some  of  these  model  also  concern  re¬ 
sistance  variations  [5,7].  Moreover,  simplified 
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Figure  1:  Bamboo  structure  of  a  narrow  metal 
line.  La  and  Lot  are  the  lengths  of  the  cluster 
and  bamboo  sections,  respectively.  The  steady- 
state  stress  distribution  is  also  shown 

treatments  on  reciprocal  influence  of  EM  and 
mechanical  stress  are  available  [4, 6, 8],  but  only 
in  the  case  of  a  hydrostatic  stress  a  in  a  rigidly 
passivated  fine. 

These  models  are  usually  applied  to  nar¬ 
row,  passivated,  Al-based  metal  lines,  in  the 
special,  but  technologically  very  relevant,  case 
of  alternate  “bamboo”  sections  and  so-called 
“cluster”  sections  with  connecting,  longitudinal 
grain  boundaries.  A  cluster  section  is  always 
bounded  by  two  transverse  “blocking  bound¬ 
aries”.  This  structure  can  be  described  as 
“near-bamboo". 

It  must  be  underlined  that  a  perfect  “bam¬ 
boo”  structure  (see  Fig.  1)  can  be  considered 
as  a  particular  case  of  a  “near-bamboo”,  with 
very  short  “cluster”  regions.  In  fact  the  bound¬ 
aries  betw'een  blocking  grains  are  likely  to  have 
a  nonzero  component  of  the  electric  field  along 
their  direction  since  they  usually  form  a  non 
orthogonal  angle  with  the  line  edges. 

Regarding  the  effect  of  a  passivation,  it  is 
worth  stressing  that  the  resistance  behaviour 
of  non-passivated  samples  usually  has  the  same 
characteristics  of  passivated  ones.  This  implies 
that  the  basic  mechanisms  do  not  change,  but 
the  rate  of  resistance  change  usually  increases 
in  the  case  of  absence  of  a  passivation,  since 
hillocks  are  more  prone  to  grow. 

Starting  from  the  flux  and  continuity  equa¬ 
tions,  Korhonen  et  al.  [11]  and  Kirchheim  [4] 
showed  that 
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where  k  =  DBCl/kT,  G  =  Z'qpj/Si,  B  is 
an  appropriate  bulk  modulus  and  all  the  other 
symbols  were  previously  defined.  Eq.  (2)  looks 
like  the  equation  of  heat  conduction  in  solids. 

Supposing  constant  p  and  D,  analytical  so¬ 
lutions  of  eq.  (2)  during  transients  in  near¬ 
bamboo  lines  were  derived  [8],  so  that  corre¬ 
lations  among  stress  evolution  and  vo’-’ 
could  be  attempted. 

During  EM,  in  the  cluster  sections  compres¬ 
sive  stress  accumulation  on  one  side  should  in¬ 
duce  the  growth  of  a  void  on  the  other  side. 
The  final  volume  increment  of  the  void  is  Vo  = 
wd(crT Lc / B  +  GLq/2B),  where  aT  is  the  ini¬ 
tial  constant  thermal  stress  and  Lc  is  the  clus¬ 
ter  length.  V0  is  accumulated  in  the  character¬ 
istic  time  t0  =  Lq/kc,  where  k-c  is  referred  to 
the  grain  boundary  diffusion  coefficient  in  the 
cluster.  t0  ~  300s  at  250°C  [8],  while  at  20Q°C 
to  Ir  1000  s  (Ea  =  0.6  eV  was  assumed  for  this 
calculation). 

The  detection  of  time  t0  depends  on  the  time- 
resolution  of  the  method  used  to  detect  EM 
damage.  Clearly,  the  greater  the  resolution,  the 
greater  is  the  capability  to  discriminate  differ¬ 
ent  effects  in  the  early  stages  of  EM. 

After  f0  the  void  volume  should  increase  dis¬ 
tributing  atoms  further  away  to  neighbouring 
bamboo  sections.  If  t'  —  t  —  f0,  the  resulting 
increase  in  the  void  volume  V)  is  given  by: 

V,(t')  ~  wd[(2crT  +  GLc)/B]Vvrf  (3) 

If  m  cluster  sections  are  present  in  the  line,  the 
total  void  volume  accumulated  is  a  simple  sum 
of  the  individual  volumes  Voi  +  Pii,  t  =  l,m.  If 
t'  3>  t0  a  typical  square  root  volume  increase 
as  a  function  of  time  should  be  observed.  If 
we  suppose  that  relative  resistance  variations 
are  proportional  to  relative  volume  variations, 
a  similar  behaviour  should  be  detected  during 
high  resolution  resistance  measurements. 

In  general,  electromigration  cm  induce  both 
resistivity  variations  and  void  motion,  growth 
and  shrinkage.  Due  to  high  thermal  stresses 
generated  after  cooling  from  passivation  depo¬ 
sition,  voids  might  be  present  at  the  beginning 
of  an  EM  test  (stress-induced  voiding)  [8] . 

In  the  following  sections,  resistance  vari¬ 
ations  will  be  mainly  attributed  to  void 


growth/shrinkage.  Regarding  the  intriguing  ef¬ 
fect  of  resistivity  variations  see  the  discussion 
in  [10]. 

It  is  easy  to  demonstrate  that  in  the  case 
of  (a)  slit-like  voids  having  constant  depth  and 
variable  length  (the  void  might  span  the  whole 
thickness  of  the  A1  line  when  refractory  metal 
films  are  present  as  under  and  overlayers)  and 
(b)  voids  with  constant  width  along  a  longi¬ 
tudinal  grain  boundary,  the  relative  resistance 
variation  of  the  metal  line  is  of  the  same  or¬ 
der  of  the  volume  variation  per  unit  volume  of 
the  line  itself.  In  ref.  [5]  it  was  demonstrated 
that  this  conclusion  is  also  true  for  cylindrical 
voids.  In  the  following  we  will  use  this  simple 
proportionality  in  order  to  correlate  resistance 
variations  and  change  of  void  volume. 

3.  STUDY  OF  THE  RESISTANCE 
CHANGES 

In  this  section  we  will  analyze  EM  experiments 
performed  on  glass  passivated,  0.9  pm  wide, 
1000 pm  long,  Al-l%Si(900  nm)/TiN(60nm) 
/Ti(50  nm)  lines.  True  test  temperatures  were 
190,  200,  220,  230  and  240°  C. 

At  least  10  samples  were  simultaneously 
measured  at  each  temperature  at  the  wafer 
level.  A  constant  current  density  of  2  MA/cm2 
was  used. 

Previous  microanalytical  investigations  re¬ 
vealed  an  almost  perfect  “bamboo”  grain  struc¬ 
ture  of  these  lines  [14]. 

Let  us  now  concentrate  our  attention  on  re¬ 
sistance  changes  measured  at  different  stages 
of  the  EM  process.  As  stated  before,  we  will 
suppose  that  resistance  changes  during  EM 
are  only  induced  by  geometry  changes  as  void 
growth/shrinkage  and  not  by  resistivity  varia¬ 
tions. 

It  is  well  known  that  resistance  changes  may 
also  occur  during  and  after  heating  the  sam¬ 
ple  to  the  aging  temperature  [12].  Obviously, 
these  changes  are  not  caused  by  electrical  cur¬ 
rent,  but  by  structural  relaxation  or  reversible 
and  irreversible  solid-state  reactions  of  the  alu¬ 
minum  with  the  additives  in  the  crystalline  ma¬ 
trix  [13],  In  this  case  resistance  changes  can 
be  induced  both  by  resistivity  and  geometrical 
changes.  In  order  to  get  rid  of  these  effects,  not 
directly  related  to  EM,  EM  tests  were  always 
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preceded  by  tlie  typical  measurement  sequence 
described  in  [10] .  Failure  to  do  this  could  af¬ 
fect  the  detection  of  EM-induced  very  early  re¬ 
sistance  changes,  as  one  can  realize  comparing 
data  presented  in  this  paper  and  in  ref.  [9], 

Fig.  2  shows  typical  experimental  behaviours 
obtained  at  220  and  240°C. 

In  Fig.  2(a)  two  different  measurements  at  a 
true  test  temperature  of  240°C  are  reported. 
An  initial  region  is  clearly  observable,  in  which 
the  resistance  increase  can  seemingly  be  de¬ 
scribed  by  a  function  y/[ict).  This  initial  be¬ 
haviour  is  typical  of  all  high  resolution  mea¬ 
surements. 

After  about  10  hours  of  test,  tlie  resistances 
continue  to  grow  with  an  approximately  con¬ 
stant  rate. 

Measurements  at  all  the  other  temperatures 
highlight  again  a  “square  root”  followed  by  a 
linear  resistance  increase.  A  further  example  is 
reported  in  Fig.  2(b),  showing  the  behaviour  of 
10  lines  measured  at  220°C. 

The  initial  non-linear  resistance  increase  was 
analyzed  by  means  of  the  model  of  eq.  (3), 
provided  that  relative  resistance  variations  are 
proportional  to  relative  volume  variations.  For 
a  metal  line  with  m  cluster  sections  and  total 
length  Z(.ot  the  relative  resistance  change  could 
be  calculated  as: 

fl(f)  —  Ro  y/ Kftt  yr — ■  2<jt  -f  GLd 

~  <4) 

thus  providing  the  expected  -ft  trend.  Clearly, 
the  relative  resistance  change  is  strongly  influ¬ 
enced  by  the  initial  i-zennal  stress  aT . 

Fig.  2(c)  shows  the  relative  resistance  change 
vs.  yft  for  the  10  lines  of  the  previous  figure, 
measured  at  220°C.  The  linear  shape  of  the 
curves  is  evident  in  the  early  stages  of  EM.  Lin¬ 
ear  fittings  of  good  quality  were  also  found  at 
the  other  test  temperatures. 

Note  that  eq.  (4)  assumes  that  only  one  dif¬ 
fusion  mechanism  operates  during  EM.  Since 
at  this  time  the  grain  boundary  diffusion  stage 
should  be  concluded,  possible  mechanisms  are 
diffusion  in  bulk  Al-Si  or  at  the  interface  be¬ 
tween  Al-Si  and  the  passivation  or  the  under¬ 
lying  Ti-based  barrier. 

We  have  seen  that,  after  a  certain  elapsed 


Figure  2:  Resistance  changes  during  and 
after  EM  experiments  on  passivated,  Al- 
l%Si/TiN/Ti  submicvon  lines  subjected  to  a 
current  density  of  ZMA/cm2.  (a)  two  different 
behaviours  at  a  true  test  temperature  of  240°C 
in  a  common  time  scale,  (bj  Resistance  change 
of  10  lines  at  220°C.  (c)  Relative  resistance 
change  vs.  'ft  for  the  10  lines  of  (b). 


358 


time,  depending  on  temperature,  the  resistance 
growth  becomes  approximately  linear.  It  is 
argued  that  in  this  phase  the  internal  stress 
of  the  lines  has  reached  the  steady-state  os¬ 
cillating  (or  saw-toothed)  pattern  described  in 
ref.  [8]  (see  Pig.  1).  Now  couples  formed  by  clus¬ 
ter  and  bamboo  sections  (the  so-called  “fail¬ 
ure  units”)  start  interacting  by  stress-assisted 
bulk  diffusion  through  the  bamboo  sections.  At 
this  stage  some  voids  shrink,  while  some  grow 
at  the  expense  of  others.  In  such  a  steady 
state  for  stress  it  is  likely  that  the  rate  of  void 
growth/shrinkage  is  simply  proportional  to  the 
atomic  flux. 

4.  DEPENDENCE  ON 
TEMPERATURE 

In  the  previous  section  we  have  seen  that  the 
stress-diffusion  model  of  EM  is  able  to  describe 
resistance  changes  in  two  different  stages  of 
EM.  In  principle,  an  activation  energy  can  be 
extracted  in  both  cases. 

In  Fig.  3(a)  the  coefficients  of  -/i  in  eq.  (4) 
extracted  by  linear  fitting  applied  to  the  data 
measured  at  190,  200,  220,  230  and  240°C  (see 
e.g.  Fig.  2(c))  are  reported.  From  Fig.  3(a)  it 
can  be  seen  that  data  are  highly  dispersed,  and 
a  non-uniform  increase  of  the  average  values  as 
a  function  of  temperature  is  evident.  Reasons 
for  dispersion  can  be  found  in  the  different  mi¬ 
crostructure,  or  in  non  negligible  and  non  uni¬ 
form  change  of  resistivity  in  the  various  sam¬ 
ples. 

According  to  the  model  of  eq.  (4),  a  possi¬ 
ble  reason  for  the  unusual  thermal  activation 
of  the  data  is  that,  notwithstanding  all  resis¬ 
tance  transients  due  to  change  of  temperature 
were  concluded  before  starting  the  tests,  the 
initial  stress  was  different  at  the  various 
temperatures.  For  these  reasons  the  extraction 
of  the  activation  energy  was  not  attempted  in 
this  phase. 

In  the  linear,  steady-state  phase  the  activa¬ 
tion  energy  Ea  was  extracted  supposing  that 
the  relative  resistance  variations  are  propor¬ 
tional  to  the  atomic  drift  velocity,  AR/R  cx 
vo  =  Ja/Na-  Even  if  a  high  dispersion  of  the 
data  was  found  also  in  this  case  (see  Fig.  3(b)), 
a  smooth  and  monotonic  increase  of  the  average 
values  of  the  relative  rates  of  resistance  change 


was  detected  and  a  value  Ea  =  0.95  eV,  with 
an  error  A Ea  =  0.1  eV  (99%  confidence  inter¬ 
val),  was  extracted.  This  activation  energy  is 
lower  than  commonly  accepted  values  for  bulk 
A!  diffusion  ( Ea  Rs  1.4  eV),  but  higher  than  val¬ 
ues  for  grain  boundary  diffusion  (£?«  «  0.6  eV) 
[1].  Diffusion  at  the  interface  between  Al-Si 
and  the  barrier  metal  or  the  passivation  could 
be  responsible  for  this  intermediate  value  of  ac¬ 
tivation  energy.  This  explanation  is  consistent 
with  previous  failure  analysis  done  on  similar 
samples  [15]. 

5.  DISCUSSION  AND 
CONCLUSIONS 

In  this  paper  it  was  shown  that  an  existing 
stress-diffusion  model  on  void  growth  is  in  sub¬ 
stantial  agreement  with  resistance  changes  in 
near-bamboo  metal  lines  during  EM.  An  acti¬ 
vation  energy  of  0.95  ±  0.1  eV  was  extracted  in 
zones  of  linear  resistance  increase. 

Only  geometrical  variations  have  been  sup¬ 
posed  to  influence  the  resistance  changes.  This 
model  has  the  important  merit  to  be  very  sim¬ 
ple,  since  only  analytical  solutions  of  the  stress- 
diffusion  equation  are  needed  to  approximate 
the  experimental  data  of  resistance  changes  col¬ 
lected  during  EM.  Moreover,  the  model  itself 
partly  explains  the  high  dispersion  of  the  mea¬ 
sured  data. 

The  analytical  solutions  are  based  on  spe¬ 
cific  assumptions.  The  problem  of  a  stress- 
dependent  diffusion  coefficient  has  already  been 
addressed  in  ref.  [11],  where  it  was  shown  that 
the  analytic  solutions  may  in  several  cases 
be  sufficient  for  practical  estimations  of  stress 
buildup  during  EM. 

More  important,  regarding  resistance  mea¬ 
surements,  is  the  assumption  of  a  constant  re¬ 
sistivity.  The  electrical  resistivity  depends  on 
defects  present  or  induced  in  the  polycrystalline 
metal  lines.  In  particular,  vacancy  supersatu¬ 
rations  [7]  and  an  increase  of  dislocation  den¬ 
sity  during  EM  could  cause  measurable  resistiv¬ 
ity  variations.  Moreover,  the  presence  of  large 
hydrostatic  mechanical  stresses  in  the  metal 
polycrystalline  matrix  should  induce  additional 
resistivity  variations.  The  high  dispersion  of 
rates  of  resistance  change  can  also  be  explained 
in  terms  of  these  resistivity  variations. 
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Figure  3:  (a)  Arrhenius  plot  of  the  coefficients  of  \ft  obtained  during  the  initial,  non-linear  phase 
of  EM  at  190,  200,  220,  230  and  2J0PC.  (b)  Arrhenius  plot  of  the  slopes  obtained  during  the  linear 
phase  of  EM  from  measurements  at  the  same  temperatures  of  (a).  Values  are  corrected  to  take  into 
account  the  T-1  dependence  of  the  parameter  n  and  of  the  drift  velocity  vu.  x  =  measured  data. 
•  =  average  value. 


To  be  complete,  a  model  for  the  descrip¬ 
tion  of  resistance  changes  during  EM  in  near- 
bamboo  lines  should  address  also  these  impor¬ 
tant  issues. 
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ABSTRACT 

Several  models  have  been  developed  in  order  to 
relate  electromigration  (EM)  induced  resistance 
changes  to  time  and  stress  parameters.  Most  of 
these  models  state  a  Black-type  equation.  In  this 
paper,  a  critical  evaluation  of  the  influence  of  these 
parameters  is  presented.  First,  the  influence  of  time 
has  been  studied  in  order  to  verify  the  validity  of 
models  which  state  a  linear  relationship  between 
EM  induced  resistance  changes  and  time.  Also,  the 
dependence  on  temperature  and  current  density  is 
examined.  Our  results  show  that  these  models  are 
much  too  simplified  and  cannot  be  used  at  all  stress 
conditions. 


Type 

Metallization 

Deposition 

temperature 

(°C) 

A 

A1  l%Si  0.5%Cu 

220 

B 

A1  l%Si  0.5%Cu 

400 

C 

A1  l*/oSi 

250 

D 

A1  l%Si 

400 

E 

A1  l%Si  0.5%Cu 

180 

F 

A1  l%Si 

180 

Table  l  The  metallizations  used  in  the 
experiments. 


1.  INTRODUCTION 

A  frequently  used  technique  to  analyse  the  early 
stages  of  electromigralion,  is  to  measure  the 
resistance  changes  of  interconnects  during 
isothermal  experiments  at  high  stress  conditions, 
such  as  temperature  and  current  density.  In  1969, 
Black  published  a  simple  theory  in  which  he  related 
the  MTTF  (median  turn  to  failure)  results  with 
temperature  and  current  density  (Ref.  1).  Since  then, 
several  models  (Refs  2-6)  have  been  published, 
relating  resistance  measurements  data  to  the  MTTF 
data  and  the  stress  parameters.  Here,  a  critical 
evaluation  is  performed  in  order  to  examine  the 
validity  of  these  Black-type  models. 


2.  EXPERIMENTAL  DETAILS 

Experiments  are  performed  on  passivated 
metallizations  sputtered  on  a  Si-oxide  layer  with 
underlying  Si  substrate.  The  stripes  have  a  width  of 
10pm  and  a  meander  structure  with  a  total  length  of 
6000pm.  Six  types  of  metallizations  are  studied  and 
are  listed  in  table  1. 

Metallizations  of  type  A,  B,  C  and  D  are  0.8pm 
thick  and  those  of  type  E  and  F  have  a  thickness  of 
1.0pm. 


3.  RESULTS  AND  DISCUSSION 

In  order  to  evaluate  models  which  predict  a 
Black-like  behaviour,  high  resolution  electrical 
resistance  measurements  are  performed.  High 
current  densities  are  applied  to  the  metal  lines,  and 
the  resistance  changes  are  measured  as  a  function  of 
time  during  high  temperature  isothermal 
experiments  A  critical  evaluation  of  the  time 
dependence  and  the  influence  of  the  stress 
parameters  on  resistance  changes  is  presented. 
Models  which  relate  resistance  changes  to  stress 
parameters,  introduce  the  following  equation  for  the 
rate  of  resistance  change  (RRC)  of  the  metal  line, 
assuming  a  linear  dependence  on  time  (Refs.5, 6) : 

RRC  =  =  A  j*exp  (-E/kT)  0) 

where  all  the  parameters  have  their  usual  meaning. 


3.1.  Time  dependence 

The  linear  time  dependence,  as  given  by  eqn.(l),  is 
indeed  observed  in  many  experimental  cases,  i.e.  our 
type  D  samples  show  such  a  dependency  for 
standard  stress  conditions  (Ref.8).  However,  if  these 
samples  are  subjected  to  a  very  low  current  density. 


applied  current  densities  are  10  to  20  times  smaller 
than  in  conventional  EM -experiments,  the 
temperature  rise  due  to  Joule  hearing  is  negligible 
small.  From  our  tests  it  is  clear  that  the  lower  the 
current  density,  the  longer  the  i  natation  time.  In 
our  experiments  at  high  current  densities  (»  10s 
A/cm2)  no  i natation  time  is  observed.  Nate  also 
that  this  incubation  time  can  become  very  long.  e.g. 
several  days  for  jK>.06  MA/cm2. 


«<»> 

Figure  1 .  EM for  a  pre-annealed  type  D  sample  at 
T=269°C  and  j=0.I3  MA/cm1  :  total  measurement 
(upper)  and  initial  period  (lower). 


The  current  density  dependence  is  expressed  in  the 
models  by  the  current  density  exponent,  n.  In 
theoretical  models,  derived  from  pure  difiiision 
mechanisms,  n  should  be  equal  to  1  (Refs.5,6). 
Other  models  (Ref.  7)  predict  a  current  density 
exponent  equal  to  2.  From  experiments,  a  wide 
spread  of  values  for  n  is  reported  from  1  up  to  5  and 
higher. 

We  performed  different  isothermal  experiments  at 
current  densities  ranging  from  j=0.3  MA/cm2  to 
j=2.5  MA/cm2  at  T=2690C.  At  these  stress 
conditions,  a  linear  increase  of  the  resistance  with 
time  is  observed  during  48  hours  and  the  RRC  can 
be  determined.  Figure  3  shows  the  RRCs  as  a 


the  time  behaviour  seems  to  be  more  complicated. 
For  this  type  of  measurements,  all  samples  are 
pre-annealed  during  several  hours  at  T“269°C,  until 
no  net  resistance  variation  is  observed.  Then,  the 
metallization  is  subjected  to  a  low  current  density. 
The  result  of  such  an  EM  experiment  is  shown  in 
figure  1.  An  initial  incubation  period  is  followed  by 
a  linear  behaviour.  However,  at  a  certain  moment,  a 
deviation  from  this  linear  behaviour  occurs.  This 
type  of  measurements  indicates  that  the  underlying 
atomic  processes  are  more  complicated  than  is  the 
case  in  the  Black-lilce  EM-models.  In  figure  2  the 
results  are  shown  for  different  low  current  density 
experiments  performed  at  the  same  sample 
temperature  on  type  D  metallizations.  Since  the 
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Figure  2  :  Low  current  density  experiments  on 
pre-annealed  samples  of  type  D  at  T -269°C  and 
j-0. 13  MA/cm1  [1],  j=0. 09  MA/cm?  [2]  and /-ft  06 
MA/cm1  [3] 
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Figure  3  :  RRC  as  a  function  of  current  density  at 
T-269°C  for  samples  of  type  A,  B,  C  and  D. 

function  of  the  current  density  for  four  types  of 
samples.  It  is  obvious  that  we  can  distinguish 
between  the  different  metallizations.  Cu-addition 
retards  the  EM  process  and  a  difference  in 
deposition  temperature  is  reflected  in  a  more  or  less 
pronounced  current  density  dependence. 

Applying  eqn.(l)  to  our  results,  the  current  density 
exponent  n  can  be  determined.  From  figure  3  it  is 
clear  that  n=l  requires  the  existence  of  a  current 
density,  below  which  no  electromigration  should 
occur.  This  assumption  is  verified  by  performing 
experiments  at  current  densities  much  lower  than 
the  expected  "threshold*  value.  For  type  D  samples, 
we  performed  such  low  current  density 
measurements.  If  n»l,  no  EM  should  occur  at  j<0.3 
MA/cm2,  as  deduced  from  figure  3.  As  shown  in 
figure  2,  an  increase  in  the  resistance  versus  time  is 
observed,  even  at  j=*0.06  MA/cm2.  These 
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iw»m»fHwiii<  ird******  tint  EM  it  still  ictivt;  eves 
at  current  rt**^'***  below  the  expected  threshold* 
value.  A  unique  determination  of  n  is  difficult  and 
neat  to  have  no  significteion,  because  the  time 
at  low  and  high  current  densities  is 
different.  Note  that  this  threshold*  current  density 
is  not  to  be  confused  with  the  Blech  threshold 
current  density.  The  determination  of  this  Blech 
threshold  current  density  for  our  samples  is  virtually 
impossible  The  expected  Blech  critical  current 
density  for  our  samples  is  certainly  less  than 
j-SkA/cm1.  The  detection  of  this  threshold  current 
density  would  require  unreasonable  long  measuring 
timr*  since  the  incubation  time  increases  sharply 
with  decreasing  current  density. 


3 3  Temperature  dependence 

3.3.1.  High  current  density  measurements 

The  Boltzmann  factor  in  eqn.(l)  provides  a  method 
to  determine  the  activation  energy  E.  EM 
experiments  are  performed  at  j=1.9  MA/cm1  and  at 


1/fcT  (eV1) 


Figure  4  :  Arrhenius  plots  to  determine  the 
activation  energy  for  EM  (type  E  and  F  samples). 


different  temperatures.  Figure  4  shows  the  (In  RRC) 
vs.  (1/kT)  plots  for  type  E  and  F  samples.  It  is  clear 
that  for  simple  AJSi  metallizations  (type  F)  a  good 
linear  fit  is  obtained,  yielding  an  activation  energy 
of  ~0.74eV.  This  corresponds  approximately  to  the 
activation  energy  of  grain  boundary  diffusion.  For 
the  more  complex  AlSiCu  metallizations  (type  E) 


however,  a  deviation  from  the  linear  dependence  is 
observed  The  activation  energy  seems  to  he  a 
decreasing  function  of  temperature  This  can  be 
gypiained  by  the  solubility  of  Cu  in  AJ  At  high 
temperatures  no  CuAl,  precipitates  are  present  and 
grain  boundary  is  again  the  dominating 

process.  From  the  fit  at  the  high  temperature  range, 
an  activation  of  ~0.67cV  is  obtained  At  lower 
temperatures,  Cu  precipitates  at  the  grain 
tw»imt»riwi  imputing  diffusion  along  these  paths 
and  bulk  diffusion  takes  place,  which  gives  rite  to  a 
much  higher  activation  energy. 

3.3.2.  Low  current  density  measurements 

The  temperature  dependence  is  also  examined  for 
type  D  samples  subjected  to  a  low  current  density. 
Again  this  samples  are  pre-annealed  for  several 
hours  at  T*269°C.  Then,  the  temperature  is 
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Figure  5  :  Early  resistance  changes  versus  time 
during  low  current  density  measurements  with 
j=0.l3  MA/cm1  at  T-26FC  [l],  T=236°C  [2]  and 
T-225°C  [3J. 

decreased  to  the  sample  EM  test  temperature.  The 
metal  line  is  again  subjected  to  this  condition  until 
no  net  resistance  change  is  observed,  in  order  to 
eliminate  possible  reversible  processes.  Then,  the 
metal  line  is  subjected  to  a  high  current,  in  order  to 
perform  the  EM  experiment 


Figure  6  :  Arrhenius  plots  to  determine  the 
activation  energy  for  EM  atj-0.13  MA/cm1  (type  D 
samples j. 
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only  seen  during  the  early  stapes  of  EM  and  after  an 
incubation  period.  In  order  to  determine  an 
activation  energy,  the  RRCs  are  calculated  front  the 
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4.  CONCLUSIONS 

Early  resistance  measurements  are  useful  to  study 
electromigration.  However,  attention  must  be  paid 
when  using  a  model  to  analyse  the  results. 
Black-type  equations  cannot  be  applied  in  all  cases 
and  at  all  stress  conditions. 

First,  time  dependence  is  not  always  as  simple  as 
supposed  in  most  of  the  models.  A  linear 
dependence  is  observed  only  at  certain  stress 
conditions. 

Furthermore,  experiments  show  that  even  at  very 
small  current  densities  EM  is  active  and  the  current 
density  exponent  n*l.  The  determination  of  n  for 
the  complete  current  density  range  is  not  meaningful 
because  of  the  complex  time  behaviour. 

The  Arrhenius  type  dependence  on  temperature 
seems  to  be  correct,  since  a  reasonable  activation 
energy  is  obtained.  However,  attention  has  to  be  paid 
for  metallizations  with  Cu-addition.  Here,  the 
physical  properties  of  the  metal  line  change  as  a 
function  of  temperature,  giving  rise  to  different 
diffusion  processes  and  different  activation  energies. 
Finally,  we  showed  that  the  temperature  factor  and 
current  density  factor  are  independent.  For 
polygranular  AlSi  metallizations  the  EM  activation 
energy  corresponds  to  grain  boundary  diffusion  at 
all  stress  conditions. 
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1.  ABSTRACT 


3.  THEORY 


For  reliability  prediction  of  via  structures  in  multilevel 
metallizations  with  numerical  methodes  (like  finite 
element  metbode  -FEM-)  it  is  possible  to  identify  the 
weakest  link  in  the  structure  caused  by  local  heating 
and  cunenl  crowding.  In  this  paper  the  influence  of 
current  crowding,  local  heating  and  mass  flux  diver¬ 
gences  on  different  via  structures  as  a  conventional  via 
with  small  step  coverage,  a  tungsten  plug  and  an 
aluminum  plug  via  will  be  discussed.  Also  the  depen- 
dance  of  a  horizontal  scaling  on  the  current  crowding, 
local  heating  and  mass  flux  divergence  will  be  shown. 

2.  SUMMARY 

A  3-dimensional  parametrized  FEM-model  of  a 
double  level  metallization  via  structure  was  developed 
and  the  current  density-  and  temperature  distributions 
depending  on  the  geometry  and  material  properties 
were  determined  (Ref.l).  The  model  was  verifi- 
cated  by  a  comparision  between  simulation  and 
measurements  (ReL2).  For  the  calculation  of  the 
local  mass  flux  and  mass  flux  divergences  the  com¬ 
mercial  FEM-program  ANSYS  was  extended  by  a 
Fortran  user  routine.  With  this  user  routine  it  is 
possible  to  determine  the  influence  of  electromigra¬ 
tion,  thermomigration  and  triple  points  on  the  mass 
flux  divergences  in  the  metallization  of  the  via  struc¬ 
ture  as  well  as  the  determination  of  the  failure 
location  in  the  structure  by  the  location  of  the  maxi¬ 
mum  mass  flux  divergence.  The  comparison  between 
the  failure  locations  out  of  the  simulation  with  the 
failure  locations  out  of  the  measurement  shows  a  very 
good  agreement 


The  mass  flux  divergence  div  tA  caused  by  electromi¬ 
gration  (temperature  gradients)  is  given  by  equation 

II]. 


Dq  is  the  diffusion  ccefficcnt  of  aluminum,  N  the 
concentration  of  the  atoms,  cZ’  the  effective  charge 
of  ions,  kB  the  Boltzmann  constant!  the  current 
density,  T  the  temperature,  p  the  resistivity  and  EA 
the  activation  energy  for  an  easy  diffusion  path  like 
grain  boundaries  or  interface  diffusion. 

By  the  occurrence  of  temperature  gradients  the  ther¬ 
momigration  is  not  neglectablc  for  high  accelerated 
tests.  The  thermomigration  mass  flux  divergence 
div  Jjjj  due  to  the  temperature  gradients  is  given  by 
equation  [2],  with  the  heat  of  transport  Q. 


div  •  gradT  grad 
D.QN 


D„QN  -Ba 
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^T*  “P  (  VT  }  dh'g"d  T 
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The  mass  flux  divergence  caused  by  triple  points 
div  Jjp  is  proportional  to  the  sum  of  JA  and  Jjh  |3]. 
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The  total  mass  flux  divergence  div  JG  is  than  given  by 
adding  equation  1 1],  |2)  and  [31.  Positive  mass  flux 
divergences  lead  to  voids  and  negativ  mass  Ilux 
divergences  lead  to  material  accumulation  (continuity 
equation).  The  proportional  factor  G  depends  on  the 
geometry  of  the  triple  point. 

It  was  assumed  that  the  complete  structure  is  in 
equilibrium,  so  that  the  concentration  gradients  and 
mechanical  stress  can  be  neglected. 


Fig.1:  SEM-Picture  of  a  via  structure  after  stress  lest 
(T  =  150°C  and  100mA).  Failure  locations  (voids) 
marked  by  the  arrows. 


4.  EXPERIMENTAL 


The  failure  location  after  the  accelerated  stress  test 
for  a  double  via  structure  is  shown  in  Fig.l. 

The  current  flow  direction  was  from  the  right  to  the 
left  (M2- >  Ml-- >  M2).  Voids  were  found  at  the 
corner  of  the  via  into  the  second  metallization. 

The  calculated  mass  flux  divergence  in  the  model  is 
shown  in  Fig.2.  The  voids  expected  at  the  maximum 
mass  flux  divergence  agree  very  good  with  the  failure 
location  determined  after  electromigration  stress  test. 

•A  ^ 

The  influence  of  JA,  and  JTG  vs  the  applied 
current  density  is  described  elsewhere  (Ref .3). 

5.  HORIZONTAL  SCALING 

The  aspect  ratio  is  defined  by  the  heigth  of  the  via 
divided  by  the  width  of  the  via.  The  investigations 
were  carried  out  with  a  current  density  in  the  via  of 
4,7MA/cm2  and  a  bulk  temperature  of  473K.  The 
metallization  thickness  was  1pm.  The  overlap  of  Ml 
was  0,6pm  and  the  overlap  of  M2  was  1,1pm.  With 
increase  of  the  aspect  ratio  the  current  crowding  for 
the  conventional  via  (10%  step  coverage)  and  the 
tungsten-plug  via  shows  a  strong  increase  (Fig3). 
The  maximum  current  density  found  for  the  conven¬ 
tional  via  was  nearly  homogenous  distributed  in  the 


step  coverage.  In  the  tungsten-plug  via  the  current 
crowding  has  two  maximum  at  the  corner  of  Ml  to 
the  via  and  at  the  via  to  M2. 


Fig.2:  Calculated  minimum  and  maximum  mass  flux 
divergences  in  a  conventional  via  structure  in  a.u. 
corresponding  to  the  failure  locations  shown  in  Fig.l. 

For  the  local  heating  a  strong  increase  in  the  maxi¬ 
mum  temperature  was  found  for  an  increasing  aspect 
ratio  (Fig.4),  The  maximum  temperature  was 
calculated  for  a  conventional  via  with  10%  and  20% 
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Fig3:  Current  crowding  (jnui/iin) vs-  aspect  ratio.  FigJ:  Maximum  mass  flux  divergence  out  of  thermo- 

migration  and  temperature  gradients  vs.  aspect  ratio 
of  the  via  structure. 


step  coverage  and  a  tungsten-plug  via.  To  avoid  a 
local  heating  in  the  via  the  aspect  ratio  should  be  as 
small  as  possible. 


Fig.4:  Maximum  temperature  vs.  aspect  ratio. 


For  half  micron  pluged  vias  (aspect  ratio  2)  the 
maximum  mass  flux  divergence  is  one  order  of 
magnitude  higher  than  for  one  micron  pluged  vias. 


Fig.6:  Maximum  mass  flux  divergence  vs.  aspect  ratio 
including  the  influence  of  the  triple  points. 


At  least  the  maximum  mass  flux  divergence  in  the 
aluminum  depending  on  the  aspect  ratio  was  deter¬ 
mined  for  the  conventional  via  with  10%  and  20% 
step  coverage  and  the  tungsten-plug  via.  In  FigJ  the 
maximum  mass  flux  divergence  due  to  temperature 
gradients  and  thermomigration  (div  /A+  div  J^H)max 
is  shown.  The  maximum  mass  flux  divergence  inclu¬ 
ding  the  divergence  of  the  triple  points  div  is 
shown  in  Fig.6.  For  the  conventional  via  with  10% 
and  20%  step  coverage  no  significant  difference 
between  both  graphs  were  found.  Only  for  the  pluged 
vias  a  difference  was  found  for  small  aspect  ratios. 


The  values  for  aluminum-plugs  are  nearly  the  same  as 
for  tungsten-plugs.  So  both  plug  structures  seem  to  be 
comparable.  But  the  tungsten  plug  in  the  via  is  a 
diffusion  barrier  for  the  aluminum,  so  in  this  case  the 
behaviour  of  this  barrier  must  be  added  to  the  mass 
flux  divergence.  Conventional  half  micron  vias  with  a 
small  step  coverage  have  a  nearly  three  orders  higher 
maximum  mass  flux  divergence  than  the  one  micron 
vias.  This  shows  on  one  hand  that  the  aspect  ratio 
should  be  as  small  as  possible  and  on  the  other  band 
that  a  completed  via  filling  is  necesarty  to  avoid  high 
mass  flux  divergences. 
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6.  COMPARISON  04s  DIFFERENT  VIA 
TECHNOLOGIES 

For  a  conventional  via  with  10%  step  coverage,  a 
tungsten  plug  and  an  aluminium  plug  via  die  maxi¬ 
mum  temperatures  T,,,^,  current  crowding  i— ,/i;r. 
maximum  temperature  gradients  (grad  T),^  die 
mass  flux  TG,  and  die  minimum  and  maximum  mass 
flux  divergence  (div  were  determined.  The 

investigations  were  carried  out  for  one  via  out  of  a 
chain  of  parallel  via  chains.  A  distance  of  5pm  and 
20pm  between  two  of  the  via  chains  were  choosen. 
The  interplug  distance  was  7pm.  For  the  vias  a  radius 
of  0,5pm  and  a  heigth  of  1pm  was  choosen.  The 
metallization  thickness  was  1pm.  The  overlap  of  Ml 
was  0,6pm  and  the  overlap  of  M2  was  1,1pm.  In  the 
simulations  a  bulk  temperature  of  150°C  and  a 
current  density  in  the  via  of  4,7  MA/cm2  with  a 
current  flow  direction  from  Ml  to  M2  was  choosen. 


In  Tab.  1  the  values  for  a  chain  distance  of  20pm  are 
listed. 


10% 

Al-plug 

W-plug  I 

TphAr1 

*e4 

3,47 

0,592 

0,5*5  | 

(divJfJmjj 

1  [mV’e4 

0,822 

0,0242 

0,0244 

Jmax/iin 

6,06 

1,95 

1,79 

Tn,„  IK] 

502 

483 

485 

(gradT)m#x 

[K/pm] 

7,5 

0,7 

3 

Tab.  1:  Comparison  between  a  conventional  via  with 
10%  step  coverage,  an  Al-plug  and  a  W-plug  via 
structure  with  a  current  flow  direction  M1~>M2  and 
a  distance  between  the  chains  of  20pm. 

The  conventional  via  with  10%  step  coverage  shows  a 
one  order  of  magnitude  higher  value  for  (div  Jo)mai 
compared  to  both  plug  vias.  Comparing  the  W-plug 
via  with  the  Al-plug  via  the  current  crowding  is  higher 


and  the  temperature  gradients  are  lower  in  Al-plug 
via. 


A  change  in  the  current  flow  direction  from  M2 
-  >M1  leeds  to  a  change  in  the  values  of  (div 
(Tab.  2). 


Al-plug 

W-plug 

|  JrJmV  V 

0,604 

0,598 

1  (div7*G)wulra3s]'Ue4 

0.0053 

0,0065 

Tab.  2:  Comparison  between  an  Al-plug  and  a  W-plug 
via  structure  with  a  current  flow  direction  from  M2  to 
Ml  and  a  distance  between  the  chains  of  20pm. 

This  behaviour  is  caused  by  the  effect  of  the  thermo¬ 
migration.  In  this  case  (div  for  both  structures 

are  nearly  one  order  of  magnitude  smaller  than  for  a 
current  flow  from  Ml  to  M2.  This  behaviour  depen¬ 
ding  of  the  current  flow  direction  compares  to  obser¬ 
vations  described  in  the  literature  (Ref.4, 
Ref-5). 

A  smaller  distance  between  the  via  chains  can  lead  to 
higher  temperatures  as  well  as  higher  mass  flux 
divergences  in  the  different  structures.  Also  the 
locations  of  the  mass  flux  divergences  will  change. 

In  Tab.  3  the  calculated  values  for  via  chains  with  a 
distance  of  5pm  are  shown.  The  maximum  tempera¬ 
ture  as  well  as  the  maximum  temperature  gradient  is 
higher  than  in  the  structure  with  a  distance  of  20pm 
(see  Tab.l).  For  the  Al-plug  and  W-plug  via  the 
values  of  (div  Jq)bui  are  a  factor  of  two  higher  for  a 
smaller  distance  between  the  chains.  The  conventional 
via  with  10%  step  coverage  has  compared  to  a 
distance  of  20pm  an  about  three  times  higher  value. 
This  behaviour  shows  that  a  change  in  the  failure 
mechanism  due  to  the  self  heating  effect  in  the 
different  via  structures  depending  on  the  chain 
distance  is  possible. 
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The  maximum  mass  flux  divergence  for  the  via  with 
10%  step  coverage  and  a  chain  distance  of  5pm 
between  the  chains  was  located  in  the  step  coverage 
at  the  bottom  of  the  via.  For  a  distance  of  20pm  the 
maximum  was  found  in  the  via  at  the  corner  via/M2. 
For  the  aluminum-plug  structure  the  maximum  was 
found  independant  of  the  distance  between  the 
structures  in  the  via  at  the  corner  of  Ml/via.  The 
tungsten  plug  via  shows  its  maximum  for  both  distan¬ 
ces  and  a  current  flow  direction  Ml— >M2  in  Ml 
near  the  corner  Ml/via. 


10% 

Al-plug 

W-plug 

JG(m2sj-' 

•e"4 

0,82 

0,756 

0,863 

2,49 

0,042 

0,047 

imax/iin 

6,96 

1,95 

1,79 

Tma,  [K1 

525 

491 

497 

(gradT)max 

[K/pml 

11,1 

1,1 

2,3 

Tab.  3:  Comparison  between  a  conventional  via  with 
10%  step  coverage,  an  Al-plug  and  a  W-plug  via 
structure  with  a  distance  between  the  chains  of  5pm. 
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7.  CONCLUSION 

It  was  found  that  out  of  the  calculation  of  the  current 
crowding  aud  joule  heating  (temperature  gradien's) 
the  main  influences  can  be  determined. 

In  all  investigated  cases  a  very  good  correspondance 
of  the  simulations  to  measurement  and  literature  was 
found.  The  calculated  determination  of  the  failure 
locations  and  the  comparison  for  different  types  of 
vias  show  that  finite  element  analysis  is  a  good  tool 
for  electromigration  failure  prediction. 
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1.  ABSTRACT 

Continuous  measurements  of  the  changes  in  re¬ 
sistance  and  self-heating  effects  during  electromi¬ 
gration  are  analysed  to  reveal  details  of  the  void 
formation  and  healing  effects  in  the  final  stages 
of  failure. 

2.  INTRODUCTION 

Electromigration  is  an  important  mechanism  of 
failure  in  integrated  circuit  interconnects.  Con¬ 
siderable  progress  has  been  made  in  the  improve¬ 
ment  of  the  electromigration  lifetime  by  control 
of  the  photolithography,  metal  deposition  condi¬ 
tions,  crystal  size  and  alloy  composition.  New 
structures  and  metals  are  being  evaluated  and 
developed.  However  the  assessment  of  the  fail¬ 
ure  time  and  the  understanding  of  the  detailed 
failure  process  is  not  easy.  Failure  time  meth¬ 
ods  are  either  very  slow  or  suspect  because  of  the 
high  acceleration  factors  used  in  wafer-level  tests. 
Electron  microscope  studies  are  also  very  lengthy. 
Multiple  electrical  measurements  taken  continu¬ 
ously  during  the  sample  lifetime  under  stress  can 
give  considerable  information  on  the  microscopic 
processes  leading  to  failure. 

We  report  the  results  of  the  analysis  of  measure¬ 
ments  in  an  AC  bridge  of  the  sample  resistance, 
second  harmonic  amplitude  and  phase-shift.  These 
are  measures  of  the  resistance,  temperature  coef¬ 
ficient  of  resistance  and  thermal  time  constant. 


With  only  simple  assumptions  these  can  reveal 
the  cross-sectional  area  and  local  resistivity  changes 
along  the  track. 

3.  APPARATUS 

The  AC  bridge  is  a  resistive  bridge  with  a  low- 
noise  amplifier  as  the  detector.  The  bridge  is  kept 
balanced  by  four  servo  loops  to  cancel  the  funda¬ 
mental  (1.25  kHz)  and  second  harmonic  signals 
with  both  the  in-phase  and  out-of- phase  compo¬ 
nents.  The  size  of  the  feedback  signals  gives  a 
measure  of  the  resistance  change,  the  self-heating 
and  the  effective  thermal  time  constant.  The 
bridge  has  been  described  briefly  earlier  (Ref.  1) 
and  a  more  detailed  description  of  its  performance 
will  be  given  in  a  later  publication.  The  sample, 
which  forms  one  arm  of  the  bridge,  can  also  be 
subjected  to  a  D  C.  electromigration  stress. 

The  value  of  the  change  in  the  fundamental  signal 
gives  a  measure  of  the  resistance  change.  The  sec¬ 
ond  harmonic  signal  derives  from  the  direct  cur¬ 
rent  passing  through  the  sample  which  is  chang¬ 
ing  its  resistance  at  the  second  harmonic  due  to 
the  Joule  heating  and  consequent  temperature 
change  caused  by  the  A.C  bridge  signal.  The 
change  in  the  absolute  magnitude  of  the  second 
harmonic  signal  gives  a  measure  of  the  Joule  heat¬ 
ing  of  the  sample  and  the  change  in  the  phase- 
shift  gives  a  measure  of  the  thermal  time  constant 
of  the  heated  part  of  the  sample  (Ref.  2).  The 
thermal  time  constant  is  usually  very  short  com¬ 
pared  with  the  A.C.  signal  period.  The  results 
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are  taken  continuously  with  an  interval  of  about 
two  seconds. 

A  variety  of  specimens  has  been  studied  including 
A1  A%  Cu  passivated  and  unpassivated  and  with 
a  TiN  capping  layer. 

4.  RESULTS 

The  apparatus  has  been  used  for  several  experi¬ 
ments  including  spot  measurements  taken  at  in¬ 
tervals  during  highly  accelerated  electromigration 
stess  (Refs.  1-3)  as  well  as  the  continuous  mea¬ 
surements  reported  here.  These  results  will  be 
reported  elsewhere.  Here  we  will  present  briefly 
some  results  and  early  analysis.  The  data  pre¬ 
sented  are  the  resistance  change  A R/R%  and  the 
change  in  the  value  of  Aa@/a(3  %  derived  from 
the  magnitude  of  the  second  harmonic  change. 
We  will  present,  but  not  use,  the  phase-shift  or 
delay  data. 

The  quantity  a/?  is  the  produce  of  the  tempera¬ 
ture  coefficient  of  resistance,  a,  and  the  thermal 
resistance,  /?,  given  by  the  equations 

P^Po(l  +  oT)  (1) 

where  p  and  p0  are  the  total  and  temperature- 
independant  resistivities. 

ST  =  pI2R  (2) 

is  the  temperature  rise  due  to  a  current  /  flowing 
through  a  resistance  R 

K(2w)  =  5  ,dc  /f  #a0  (3) 

is  the  second  harmonic  voltage  due  to  a  direct 
current  1  dc  and  an  AC  current  Jo  cos  ud . 

5.  ANALYSIS 

The  evolution  during  the  life  of  the  specimen  shows 
three  main  regions.  Initially  there  is  a  very  short 
period  corresponding  to  the  anneal  of  the  sample 
strains.  In  the  main  period  (phase  II)  there  is  a 
slow  linear  rise  in  resistance.  In  the  later  stages 
of  the  life  (phase  III)  there  are  violent  increases 
in  resistivity  which  heal  again  (Ref.  3). 

The  analysis  of  these  effects  is  based  on  the  as¬ 
sumption  of  Mattheissen’s  Rule  and  also  that  dur¬ 


ing  phase  II  the  changes  are  happening  uniformly 
throughout  the  length  of  the  sample  and  during 
phase  111  each  event  is  happening  in  a  very  short 
localised  length  of  the  sample. 

Mattheissen’s  Rule  states  that  for  bulk  metals  the 
resistivity  is  due  to  carrier  scattering  processes 
which  are  independent  of  each  other  so  that  the 
total  resistivity 

P  =  Pa  +  P(T)  (4) 

where  pa  is  the  residual,  temperature  indepen¬ 
dant,  resistivity  due  to  all  the  crystal  defects,  im¬ 
purities  etc  and  p(T)  is  the  lattice  scattering  com¬ 
ponent. 

6.  PHASE  II  ANALYSIS 

With  the  assumptions  mentioned  earlier,  the  ef¬ 
fective  average  cross-sectional  area  and  effective 
average  resistivity  changes  in  the  main  part  of 
the  degradation  lifetime  can  be  computed  and  are 
shown  for  a  typical  specimen  in  Figure  1.  The 
linear  decrease  in  cross-section  with  very  small 
change  in  resistivity  agrees  with  the  scanning  elec¬ 
tron  microscope  (SEM)  results  which  indicate  a 
linear  increase  in  small  but  macroscopic  defects, 
small  voids,  alloy  inclusions,  hillocks,  gooves  etc. 
(Ref.  3). 

7.  PHASE  HI  ANALYSIS 

In  the  final  stage  of  the  lifetime  violent  increases 
in  resistance  are  observed  usually  followed  by  a 
decrease.  This  is  well  known  from  SEM  studies 
to  be  associated  with  the  formation  and  healing 
of  very  large  voids.  With  the  assumptions  men¬ 
tioned  earlier  the  effective  cross-sectional  area,  re¬ 
sistivity  change  and  temperature  rise  in  the  lo¬ 
calised  area  of  the  void  can  be  calculated.  The 
temperature  rise  can  then  be  used  to  calculate 
the  consequent  resistivity  rise.  On  the  resistivity 
plot  the  difference  between  the  measured  resistiv¬ 
ity  change  and  that  due  to  the  temperature  rise 
indicates  the  extra  resistivity  due  to  scattering. 
Typical  sequences  are  shown  in  Figure  2  for  an 
event  which  is  completely  healed  and  Figure  3  for 
an  event  in  which  there  is  only  partial  healing. 

8.  CONCLUSIONS 

These  electrical  measurements  can  be  interpreted 
together  with  SEM  studies  to  show  the  general 
trend  in  electromigration  degradation.  There  is 
an  early  and  short  period  where  there  is  an  an- 
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nealing  of  strains  caused  by  temperature  changes 
after  fabrication  or  due  to  the  elevated  tempera¬ 
ture  of  the  accelerated  stress.  In  the  main  elec¬ 
tromigration  damage  lifetime  there  is  a  linear  rise 
in  damage  due  to  small  defects.  At  some  point 
these  teach  a  stage  where  large  voids  can  form. 
These  voids  are  sufficient  to  constrict  the  cross- 
section  by  a  factor  of  4  to  10  and  cause  extremely 
large  local  heating.  These  voids  heal  and  can  ei¬ 
ther  completely  disappear  or  leave  some  perma¬ 
nent  damage  when  they  reform  elsewhere.  These 
voids  grow  larger  as  more  form  and  at  some  stage 
the  local  temperature  reaches  the  metal  melting 
point  and  the  metal  goes  open  circuit. 
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Figure  2.  A  typical  analysis  of  specimen  CL1  for  a  fully  self-healing  void  formation  event  in  phase  Ill. 
Shown  are  the  measured  resistance  change  AR/R% ,  the  Joule  heating  change  Ao^/a/3%,  the  derived 
local  cross-sectional  area  change  A\/Ai  where  A i  is  the  initial  and  Aj  the  final  area,  the  temperature 
ratio  change  fT/STo  where  6 To  is  the  initial  Joule  heating  (about  10°C)  and  the  resistivity  changes  pi/pi 
where  p\  is  the  initial  value  and  pi  the  final  value  for  both  the  measured  total  resistivity  and  the  derived 
part  due  to  the  temperature  increase. 
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Figure  3.  A  typical  analysis  of  specimen  ASMS5  for  a  partially  self-healing  void  formation  event  in  phase 
III.  Shown  are  the  measured  resistance  change  &R/R%,  the  Joule  heating  change  &a0/a0%,  the  derived 
local  cross-sectional  area  change  A\/Ai  where  A j  is  the  initial  and  Aj  the  final  area,  the  temperature 
ratio  change  STo/STo  where  6Tq  is  the  initial  Joule  heating  (about  10*C)  and  the  resistivity  changes  p-zj  pi 
where  pi  is  the  initial  value  and  pj  the  final  value  for  both  the  measured  total  resistivity  and  the  derived 
part  due  to  the  temperature  increase. 
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ABSTRACT. 

Four  types  of  aluminum  based  samples  have  been  analyzed  by  using  both  traditional  (Median  time  to  Failure)  and  not 
traditional  (Noise  measurements)  techniques.  The  comparison  hertween  these  two  techniques  has  demonstrated  that, 
if  different  stress  conditions  are  used  in  the  two  cases,  the  results  can  he  very  different  in  terms  of  reliability  index. 
This  means  that  some  typical  noise  parameters,  evaluated  for  a  given  type  of  samples  at  relatively  weack  stress 
conditions,  cannot  be  used  to  foresee  the  behavior  of  the  same  group  of  samples  at  strongly  accelerated  stress 
conditions.  In  particular  it  has  been  observed  that  unpassivated  samples,  containing  0.5%  of  Cti  and  1%  of  Si,  change 
deeply  their  noise  characteristics  when  the  test  temperature  overcomes  200  “C.  Therefore  it  seems  not  possible,  at  the 
present  slate  of  the  knowledge  of  the  phenomenon,  a  straightforward  extension  of  the  results  obtained  under  weack 
stress  conditions  to  accelerated  stress  conditions  and  vice  versa 


1.  INTRODUCTION. 

In  the  last  years  a  great  effort  tuts  been  devoted  to  the 
tuning  up  of  techniques  capable  of  characterizing  the 
Electromigration  (EM)  in  metal  lines  in  a  short  time 
and  without  using  accelerated  stress  conditions.  The 
result  has  been  partially  reached  in  that  at  least  two 
different  characterization  procedures  have  been 
proposed,  capable  to  provide  information  about  the 
phenomenon  in  a  quite  short  time  (a  few  hours)  and  by 
using  stress  conditions  not  too  different  from  the 
operating  ones.  The  first  one  is  based  on  the 
measurement  of  the  resistance  changes  in  the  early 
stages  of  the  phenomenon  (1],  by  using  high  sensitivity 
instrumentation  capable  of  displaying  percentage 
resistance  changes  of  a  few  hundreds  of  ppm.  The 
second  one  is  based  on  the  measurement  of  the  power 
spectral  density  of  the  resistance  microfluctuations 
induced  by  the  vacancy  flux  at  the  ends  of  a  sample 
subjected  to  EM  [2-4],  This  second  technique,  named 
SARF  (Spectral  Analysis  of  Resistance  Fluctuations), 
has  been  successfully  employed  to  evaluate  the 
activation  energy  of  the  phenomenon  in  different  types 
of  Aluminum  based  samples  [3],  It  has  been  also 
demonstrated  that  SARF  technique  Is  very  sensitive  to 
the  different  microstructural  characteristics  (grain 


dimensions)  of  samples  obtained  with  sligthly  different 
technological  processes  (5], 

In  order  to  use  these  non  destruptive  techniques  in  the 
field  of  the  reliability,  it  is  necessary  to  investigate  the 
correlations,  if  any,  between  the  information  that  they 
are  capable  to  provide  and  some  typical  reliability 
parameter  such  as  for  instance,  the  MTF  (Mean  Time 
to  Failure).  In  this  paper  the  preliminary  results  of  a 
comparative  study  performed  on  different  types  of 
samples  are  presented. 

In  particular,  the  results  of  the  MTF  tests  at  221  °C  are 
compared  with  those  of  SARF  tecnique  in  the 
temperature  range  betwee  70  and  225  “C. 


2.  EXPERIMENTAL  RESULTS. 

Four  types  of  samples  have  been  used:  A1  -  Si  0.8% 
unpassivated  (S)  and  passivated  (SP),  and  A1  -  Si  1%  - 
Cu  0.5%  unpassivated  (SC)  and  passivated  (SCP).  The 
lest  pattern  had  the  following  geometry:  length  * 
1mm,  width  =  2  mm,  the  thickness  was  0.6  pm  for  SC 
and  SCP  samples  and  0.7  pm  fur  S  and  SP  samples. 
MTF  tests,  SARF  characterization  and  SEM 
observations  have  been  carried  out  on  the  four  groups 
of  devices. 
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2.1  MTF  Tents. 

The  apparatus  for  the  traditional  MTF  test  has  been 
purposely  designed  in  order  to  drive,  with  a  constant 
stabilized  current,  up  to  ten  different  samples 
simultaneously.  The  samples  were  placed  in  an 
electrically  insulating  oil  bath  whose  temperature  was 
controlled  with  an  accuracy  of  1  °C.  The  temperature 
stability  was  ±  2  °C. 

Each  current  driving  unit  consists  of  a  voltage  to 
current  convener  which  employs  narrow-band,  low- 
offset  operational  amplifiers  and  power  transistors. 
The  current  supplied  by  each  channel  can  be  separately 
and  continuously  set  in  the  range  0. 1  -  150  mA  with 
an  accuracy  of  about  0.1%.  Using  a  computer 
controlled  scanner  and  a  voltage  data  aquisition 
system,  the  voltage  drop  across  the  sample  voltmetric 
terminals,  the  supplied  current  and  the  oil  bath 
temperature  were  measured  for  each  resistance  every 
five  minutes.  Therefore  the  system  was  able  to 
monitor,  during  the  entire  life  test,  all  the  electrical 
parameters  of  the  samples:  voltage,  current,  resistance, 
power  dissipation,  environment  and  sample 
temperature. 

For  the  MTF  tests  the  temperature  of  the  oil  was  set  at 
154  “C,  and  the  nominal  value  of  the  current  density 
was  4.6  106A/cmifor  all  the  samples.  The  temperature 
of  the  samples  was  about  65  °C  above  that  of  the  oil 
due  to  the  Joule  heating.  In  order  to  compensate  the 
effect  of  the  differences  of  the  electrical  and  thermal 
resistances  of  the  samples,  the  current  of  each  sample 
was  suitably  adjusted  around  the  nominal  value.  In 
this  way  all  of  the  samples  were  stressed  at  the  same 
temperature,  221  ”C,  whereas  the  current  densities  of  a 
given  type  of  samples  were  in  a  range  of  about  10%. 
around  the  nominal  value. 

Fig.  la  and  lb  show  typical  resistance  vs  time  curves 
of  two  samples  belonging  to  the  SCP  group 
(aluminum-silicon-copper,  passivated)  plotted  until 
failure.  All  the  passivated  samples  showed  a  nearly  flat 
resistance  time  evolution  with  variations  around  the 
average  value  which  did  not  exceed  1%  and  without  a 
commons  increase  before  failure.  This  behaviour,  due 
to  the  effect  of  the  passivation  layer  which  strongly 
reduces  the  surface  metal  atom  motion,  is  typical  of 
passivated  narrow  metal  stripes  [6], 

On  the  contrary,  all  the  unpassivated  samples  showed 
a  progressive  resislance  increase  until  breakdown. 
Furthermore,  as  can  be  clearly  seen  in  fig.  lb,  the  SCP 
lines  showed  an  initial  resistance  decrease  (about  1% 
during  the  first  20  hours  of  stress).  This  decrease  has 
been  also  observed  in  another  group  of  equal  samples 
which  had  been  annealed  at  the  same  temperature 
without  current,  during  the  preliminary  operation 
necessary  to  tuning  up  the  measurement  system. 
Therefore  it  seems  likely  that  the  observed  resistance 
decrease  is  not  related  to  the  phenomenon  of 
electromigration,  but  it  is  due  to  an  annealing  effect, 
for  instance  a  redistribution  of  Cu  precipitate  at  the 
grain  boundaries,  promoted  by  the  bigb  temperature. 


In  unpassivaled  samples  this  phenomenon  is  probably 
masked  by  the  rapid  resistance  increase  caused  by  the 
EM  damage. 


a) 


Fig.  I  Resistance  behavior  vs.  time:  a)  the  failure 
occurs  willuiut  any  preliminur  resistance  increase;  b) 
initial  resistance  decrease  in  a  SCP  samjile. 

In  order  to  verify  this  hypothesis,  four  samples,  one 
from  each  of  the  four  different  types,  were  kept  for  24 
hours  in  a  temperature  controlled  oven  at  230  °C.  The 
resistance  R,,  at  0  “C  and  the  temperature  coefficient  of 
the  resistance  a  were  measured  before  (R^,  a,)  and 
alter  (R^,  Op)  the  temperature  stress.  The  results  are 
shown  in  Tab.  1  and  can  be  summarized  as  follows  :  i) 
the  changes  observed  in  S  and  SP  samples  (a  few  part 
per  ten  thousand  for  R^  and  a  few  part  per  thousand 
for  ct,  are  comparable  with  the  accuracy  of  the 
measurement  system  [7);  ii)  the  variations  measured 
for  SC  and  SCP  samples  are  more  pronounced 
(between  1  and  2%.  for  R<p  and  between  1.4  and  2.5% 
for  a).  Therefore  the  hypothesis  that  the  resistance 
decrease  observed  during  the  first  part  of  the  MTF  test 
of  the  SCP  samples  is  due  to  an  annealing  of  Cu 
precipitates  is  confirmed. 

Table  1. 


r — i 

S 

SC 

SP 

ETflESB 

23.71 

22.31 

22.96 

1 23.5*  | 

Bran 
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1 23.72  j 

1 22.1K  | 

1 22.95  i 

_ 

Or 

0301 

BgM 

In  Fig.  2,  the  results  from  the  MTF  test  are  reported  in 
a  lognormal  plot.  The  results  related  to  the  group  of  S 
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samples  were  not  included  in  the  figure  because  these 
samples  showed  a  very  low  time  to  failure:  the 
interruption  of  the  line  occurred  in  a  few  minutes, 
therefore  it  was  not  possible  to  adjust  the  current  and 
the  temperature  at  the  prefixed  values,  as  was  done  for 
the  other  samples. 


TIME  (min.) 


Fig.  2  Cumulative  failures  in  a  lognormal  plot. 

The  MTF  resulted  2x10',  102,  OxlO9  and  1.5X104 
minutes  for  S,  SC,  SCP  and  SP  samples  respectively.  It 
is  evident  from  the  plots  of  tig.  2  the  ability  of  the 
passivation  layer  in  dramatically  increasing  the  metal 
stripe  lifetime. 

As  far  as  the  role  of  copper  in  the  metal  matrix  is 
concerned,  the  results  of  MTF  tests  showed  an  evident 
discrepancy  between  passivated  and  unpassivaled 
samples.  While  in  the  unpassivated  resistances  the 
presence  of  copper  causes  an  increase  of  the  average 
lifetime,  among  passivated  samples  the  SP  group  had  a 
slightly  higher  lifetime  and  a  lower  standard  deviation 
than  the  SCP  one.  This  can  be  seen  iri  fig.  2  from  the 
comparison  between  the  behavior  of  the  cumulative 
failures  graphs. 


2.2  Noise  Measurements. 

Spectral  Analysis  of  Resistance  Fluctuations  (SARF) 
technique  has  been  employed  to  characterize  the 
samples  also  under  not  accelerated  stress  conditions 
12].  The  main  aim  of  this  type  of  characterization  was 
the  evaluation  of  the  activation  energy  Ea  of  the 
phenomenon.  To  this  end,  the  low  frequency  voltage 
fluctuations  induced  by  EM  at  the  ends  of  the  samples, 
supplied  with  a  constant  current,  were  measured  versus 
the  stress  temperature.  A  fixed  value  of  the  current 
density  ( j  =  1.9  x  106  A/cm2)  was  used  in  this  case, 
whereas  the  temperature  was  changed  in  the  range 
between  60  and  140  °C.  A  purposely  designed  micro¬ 
oven  was  used,  whose  temperature  stability  was 
sufficiently  high  to  not  impair  the  eccellem  noise 
characteristics  of  the  measurement  system. 

An  attempt  was  made  to  evaluate  E,  for  each  type  of 
sample  by  using  the  procedure  described  in  (2).  This 


procedure  has  been  demonstrated  to  be  valid  when  the 
frequency  exponent  y  of  the  noise  spectra  is  close  to  2. 
In  Fig.  2  the  Arrhenius  plots  needed  for  the  evaluation 
of  Ea  tire  reported  for  S,  SP  and  SCP  samples.  The 
quantity  SF  on  the  y  axis  is  related  to  the  power 
spectral  deasity  of  the  resistance  fluctuation  of  the  line, 
SR,  through  the  relationship  [2] 

c  -  c  kT 

S/r  —  SK  7  (1) 

P ) 

where  p  is  the  material  resistivity  and  k  the  Boltzmann 
constant. 


1/T  (1/K) 


Fig.  .1  Arrhenius  plot  fur  the  evaluation  of  the 
activation  energies. 

Only  one  point  is  reported  for  the  SC  sample.  In  fact 
the  model  for  the  evaluation  of  the  activation  energy 

tipplies  only  if  7  —  2 ,  therefore  only  the  experimental 
points  obtained  under  stress  conditions  at  which 
1.8  <  Y  <  2. 2  are  normally  used  to  contract  the  plot. 
In  the  case  of  SC  siunples,  the  frequency  exponent 
rised  from  1.5  to  2.4  in  the  explored  temperature  range 
and  only  for  T  =  440  K  y  lay  in  the  aforementioned 
range.  This  meims  that  it  has  been  not  possible  to 
evaluate  the  activation  energy  for  this  sample:  the 
point  in  fig.  2  has  been  reported  only  in  Oder  to  allow  a 
comparison  between  the  noise  level  of  SC  samples  and 
that  of  the  other  ones. 

In  the  figure  the  values  of  Ea  for  S,  SP  and  SCP 
samples  are  reported:  they  lie  in  the  range  0.72  ±  0.06 
eV.  The  first  conclusions  that  can  be  deduced  from  die 
analysis  of  this  figure  are: 

i)  No  apparent  correlation  exists  between  tire  noise 
level  at  a  given  temperature  and  the  MTF;  in  fact,  for 
instance,  the  SC  stun  pies  which  show  the  lowest  noise 
level,  are  characterized  by  an  MTF  about  two  order  of 
magnitude  shorter  than  SP  and  SCP.  In  other  words. 
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(be  widely  accepted  empirical  rule  the  higher  the  noise 
the  lower  the  reliability  in  this  case  fails. 

ii)  The  samples  for  which  the  activation  energy  is 
measureahle  show  a  value  of  Ha  about  0.2  eV  lower 
than  that  of  similar  samples  previously  characterized  in 
a  lower  temperature  range  [3], 

iii)  The  passivating  layer.seems  to  induce  a  liglh 
increase  of  the  activation  energy  as  already  observed 
previously  [3].  This  is  in  agreement  with  the  great 
increase  of  the  MTF  observed  in  passivated  samples. 
These  first  results  were  unsatisfactory  because  the 
initial  target  of  this  investigation  was  to  search  for  a 
correlation  between  the  MTF  test  and  the  low- 
frequency  noise  measurements.  Unfortunately,  unlike 
previously  presented  experimental  studies  [3.8],  both 
the  used  noise  parameters,  noise  level  and  activation 
energy,  do  not  show  any  evident  correlation  with  the 
relittbility  of  the  stripes.  The  reason  is  probably  due  to 
the  fact  that  the  degradation  processes  and,  perhaps, 
even  the  microstructure  of  the  stunples,  are 
significantly  modified  when  the  temperature  and  the 
current  rise  from  the  values  used  for  the  noise 
measurements  to  those  used  for  MTF  test. 

For  this  reason,  the  noise  measurements  have  been 
repealed  at  the  same  stress  conditions  used  for  life 
tests.  The  results  obtained  in  this  case  must  he 
considered  as  preliminary.  In  fact,  whereas  the  low 
frequency  noise  measured  tit  weack  stress  conditions 
(j<2x  K/1  A/cm2  and  T<160  ‘X')  was  practically 
constant,  at  a  given  j  and  T,  for  all  the  samples  of  the 
stune  group,  the  same  quantity  at  heavier  stress 
conditions  (|=3.5x  106  A/cin2  and  T  =  223  "(')  show' 
significant  differencies  among  stunples  of  the  same 
group.  Therefore,  ti  complete  analysis  would  have 
required  the  examination  of  a  number  of  stunples,  for 
instance  10,  for  each  group,  its  was  done  for  MTF  test. 
Such  an  analysis  is  now  in  progress  and  only  the 
prelimintiry  results  will  be  reported  here  and 
summarized  as  follows: 

i)  type  S  samples  can  not  be  measured  at  these  stress 
conditions  because  they  break  in  a  few  tens  of  minutes: 

ii)  type  SC  stunples  are  the  most  noisy: 

iii)  type  SP  and  SCP  initially  show  comparable  level  of 
noise,  but  after  about  one  hour  of  stress  the  latter  show 
an  evident  increase  of  (he  noise  level,  which  is 
normtdly  the  signature  of  an  irreversible  dtunage. 
whereas  the  noise  produced  by  the  former  remains 
constant  for  at  least  3  hours.  Therefore,  the 
aforementioned  empyrical  rule  in  this  cast  seems  to  In¬ 
applicable. 

2.3  SEM  Observations. 

SEM  observations  have  been  performed  on  several 
stunples  idler  that  the  interrupion  of  the  metallization 
line  was  detected  during  the  MTF  test. 

The  purpose  of  this  investigation  was  to  hxik  for 
possible  differencies  in  the  failure  mode  of  passivated 
and  unpassivated  AlSi  and  AlSiC u  stunples. 


Each  test  pattern  has  been  mechanically  decapsulaled 
and  washed  ill  cold  acetone  before  SEM  observations. 
In  some  cases,  a  thin  gold  layer  has  been  evaporated 
on  the  sample  in  order  to  reduce  charging  effects. 

This  procedure  hits  alkiwed  us  to  perfonn  accurate 
observations  on  unpassivated  stunples  In  the  case  ill 
passivated  stunples.  however,  only  rather 
straightforward  observations  were  possible  because  of 
the  presence  oi  the  Si,N4  passivation  layer  which 
could  not  be  removed  with  the  available  sample 
preparation  facilities. 

No  apparent  differencies  were  found  in  the  tailure 
inodes  of  unpassivated  AIM  and  AlSiCu  stunples  In  all 
the  cases,  extended  voids  and  hillocks  were  present  all 
along  the  stripe.  Often,  but  not  always,  ti  quite  big 
hillock  is  observed  a  lew  microns  away  from  the 
location  ill  which  the  interruption  of  the  stripe  is 
observed  (Fig.  4a). 


b) 


Fix.  4  SEM  pictures  from  samples  S  (a)  aiul  SCP  (I)) 
(contrast  is  reversal). 

In  the  case  of  passivated  lines,  (lie  point  in  which  the 
interruption  of  the  metallization  occurs  is  not  easy  to 
delect.  However,  cracks  on  the  passivation  arc  often 
observed.  These  cracks  probably  correspond  to 
regions  in  which  formation  of  hillocks  has  occurred.  In 
some  cases,  as  in  Fig.  4h,  the  passivation  appears  to 
have  "exploded",  pcohably  because  of  the  excessive 
pressure  generated  by  underlaying  hillocks.  The  voids 
which  can  he  noted  in  the  picture,  probably 
correspond  to  volumes  previously  occupied  by  single 
grains. 
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A  more  detailed  microstruetural  characterization  could 
have  been  perfonnend  by  means  of  TEM  observations. 
Howerver,  because  of  the  peculiar  structure  of  the  test 
pattern,  the  preparation  of  TEM  samples  is  not 
straightforward.  We  are  currently  experimenting  a  lew 
promising  preparation  procedures  which  should  allow 
us  to  perform  preliminary  TEM  observations  in  the 
very  near  future. 


3.  DISCUSSIONS  AND  CONCLUSIONS. 

A  first  attempt  to  correlate  the  results  of  SARF 
technique  with  those  of  MTF  lest  in  At  based 
micrometric  lines  has  failed.  The  reason  of  this  failure 
is  probably  due  to  the  fact  that  noise  measurement  and 
MTF  test  have  been  performed  at  quite  different  stress 
conditions,  therefore  the  degradation  process  of  the 
stunple  microstructure  was  deeply  different. 
Particularly,  in  the  case  of  Al-Si-Cu  samples,  which 
showed  the  most  controversial  results,  it  is  well  known 
that,  when  the  temperature  rises  above  a  threshold,  a 
diffusion  and  a  redistribution  of  the  Cu  precipitate 
occurs.  TEM  analysis  is  now  in  progress  to  check  this 
hypothesis.  These  results,  if  confirmed  by  further 
analysis,  would  demonstrate  that  it  is  not  justified  ;m 
extrapolation  of  the  results  of  the  noise  measurement 
as  well  as  of  the  MTF  lest  at  stress  conditions 
significantly  different  from  those  at  which  the 
characterization  has  been  carried  out. 


Finally,  the  preliminary  results  of  a  s  AKJ- 
chamcierization  at  the  same  stress  conditions  used  for 
MTF  lest,  seem  to  indicate  that  the  noise  level  is 
greater  for  the  groups  of  stunples  characterized  by  the 
lower  values  of  the  MTF  Further  analysis  are 
necessary,  hut  a  confirmation  of  these  results  would 
allow  to  substitute  the  extremely  time  consuming  MTF 
i .  i  with  much  less  lime  consuming  noise  tests. 
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1.  FUNDAMENTALS 


In  order  to  characterise  the  quality  of  a  microelectronic 
device,  it  is  necessary  to  know  the  median  time  to  failure 
(mtf)  as  well  as  the  type  and  the  form  parameters  of  the 
distribution  of  the  individual  time  to  failure.  The  life¬ 
time  depends  on  a  great  number  of  influence  factors 
such  as  the  material  for  metallization  and  substrate,  line 
geometry,  grain  structure  and  stress  conditions  (current 
density,  temperature,  mechanical  stress).  In  general,  it  is 
impossible  to  investigate  completely  the  influence  of  an 
individual  influence  factor  by  means  of  experiments  as 
well  as  to  test  systematically  all  possible  parameter  com¬ 
binations.  For  that  reason,  it  is  useful  to  attempt  a  com¬ 
puter  simulation  of  the  electromigration  processes. 

The  simulation  model  elaborated  is  based  upon  the  sol¬ 
ution  of  the  transport  equation  for  every  grain  boundary 
within  a  grain  boundary  network.  At  the  location  where 
the  particle  transport  shows  divergences  there  is  a  void 
or  a  hillock  formation  causing  an  increase  in  the  electri¬ 
cal  resistance  of  the  stripe.  The  time  leading  to  a  defined 
percentage  of  relative  resistance  increase,  e.g.  10%,  is 
used  as  criterion  of  time  to  failure  (ttf).  A  median  time 
to  failure  (mtf)  can  be  deduced  if  this  procedure  is  effect 
for  a  certain  number  of  comparable  structures.  In  our 
case  to  each  set  of  independent  (stress  and  structural) 
parameters  100  simulations  were  done  basing  upon  die 
same  structure  where  the  variation  is  performed  by  a 
random  generation  of  the  grain  orientations. 

Our  work  is  based  on  a  simulation  model  previously 
presented  (Ref.l).  The  concept  of  calculation  is  oriented 
to  short  computing  times.  This  bet  and  the  opportunity 
of  testing  the  behaviour  of  identical  structures  under 
different  stress  conditions  make  the  model  especially 
useful  for  a  statistical  analysis. 

The  modelling  starts  from  the  well-known  facts  that  for 
a  single  component  system  (no  diffusion  term)  and  ne¬ 
glecting  thermodiffusion  the  particle  flux  in  a  grain 
boundary  can  be  described  as  a  result  of  the  action  of  an 
electron  wind  force  and  the  mechanical  stress  as  driving 
and  backdriving  mechanisms,  respectively. 

If  die  geometry  of  die  grain  boundary  and  the  conditions 
at  its  ending  points  are  known,  the  particle  flux  can  be 
expressed  in  terms  of  changes  of  the  numbers  of 


particles  at  the  triple  points.  The  net  number  of  particles 
in  each  triple  junction  is  determined  by  superposition  of 
the  results  of  die  adjoining  grain  boundaries, 
ft  is  assumed  that  the  change  of  numbers  of  particles 
causes  a  generation  of  mechanical  stress.  After  exceed¬ 
ing  typical  limits  there  are  irreversible  deformations  re¬ 
sulting  in  the  formation  of  hillocks  and  voids. 

The  grain  structure  is  taken  into  account  in  terms  of  the 
angle  a  between  the  direction  of  electron  flow  and  the 
grain  boundary,  the  individual  grain  boundary  diffusion 
coefficient  D  depending  on  the  difference  of  orientation 
between  adjacent  grains  (angle  <J>),  and  the  length  I  of 
die  grain  boundary. 


2.  COMPUTATION  CONCEPT 

For  each  time  step  it  is  necessary  to  know  the  local  tem¬ 
perature  and  the  electrical  resistance  of  a  defined  line 
segment.  Normally,  this  calculation,  e.g.  by  finite  el¬ 
ements  methods,  is  implemented  in  the  main  procedure 
and  done  in  each  time  step.  In  our  program  the  tempera¬ 
ture  and  the  resistance  of  a  void  containing  segment  is 
calculated  as  a  function  of  void  diameter  and  the  results 
are  saved  in  the  curves  Tw  =  f  (  r^ ,  line  width)  and 
R  =  f  (r^  ,  line  width).  During  die  execution  of  the 
essential  calculation  the  temperature  and  the  resistance 
can  be  read  from  these  data.  This  procedure  leads  to  an 
appreciable  decrease  of  the  program  run  time.  This  is  es¬ 
pecially  important  regarding  the  bet  that  the  resistance 
has  to  be  calculated  by  a  complete  integration  in  all  seg¬ 
ments  in  order  to  improve  die  precision.  This  optimisa¬ 
tion  of  the  program  schedule  permits  to  execute  time 
expensive  statistical  analysis.  For  example,  die  calcula¬ 
tion  of  the  dependence  of  the  standard  deviation  on  the 
current  density  and  temperature  for  100  comparable 
structures,  20  current  densities  and  8  temperatures  needs 
about  24  hours  on  a  workstation  IBM-R6000. 

3,  APPLICATIONS 

The  procedure  presented  above  allows  to  discuss  the  in¬ 
fluence  of  grain  structure,  line  geometry  and  stress 
conditions  on  the  bilure  behaviour  in  terms  of  die  dis¬ 
tribution  function  of  ttf  as  well  as  of  its  parameters, 
namely  mtf  and  standard  deviation.  The  following  re¬ 
sults  should  serve  as  examples  and  give  some  insights 
into  die  capacity  of  die  simulation  and  its  applicability. 
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Figure  1 :  Dependence  of  mtf  on  linewidth  for  two  different  cases  of  mechanical  stress 


Figures  1  and  2  show  the  results  of  the  simulation  of  the 
failure  behaviour  of  a  lot  of  comparable  test  stripes  as  a 
function  of  the  line  width  as  well  as  the  influence  of  a 
passivation  layer.  In  the  model  the  case  of  non-passi- 
vated  and  passivated  lines  are  distinguished  by  assuming 
different  values  for  the  critical  stress  limit  of  the  hillock 
formation.  It  is  supposed  that  this  limit  is  equal  to  the 
surface  tension  of  aluminium  (approximately  2  MPa)  or 
given  by  a  supplementary  stress  representing  the 
(mechanical)  action  of  the  covering  layer  (assumed  to 
be  1000  times  higher,  i.e.  2000  MPa).  The  slopes  of  the 
curves  fit  rather  well  experimental  results. 


Although  for  the  simulations  the  mean  grain  size  is  as¬ 
sumed  to  be  approximately  a  half  micron  the  known  in¬ 
crease  of  the  mtf  for  sufficiently  small  decreasing  line 
widths  is  not  observed  since  the  special  effects  of  the 
mass  transport  in  bamboo  or  near  bamboo  structures  are 
not  yet  considered. 


Figure  2:  Dependence  of  standard  deviation  of  the  mtf  (according  to  fig.  1 )  on  linewidth  for  two 
different  cases  of  mechanical  stress 
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The  following  two  figures  show  as  another  example  of 
the  capacity  of  the  program  the  dependence  of  the  stan¬ 
dard  deviation  on  the  current  density  and  the  tempera¬ 
ture  especially  at  low  temperatures  and  low  current 
densities  where  the  tests  are  impossible  because  of  die 
long  execution  time. 


As  already  shown  (Ref.l)  the  local  temperature  has  an 
important  influence  on  the  time  to  failure.  In  the  most  of 
the  industrial  test  facilities  only  the  temperature  of  the 
substrate  or  of  the  furnace  (Ts)  is  measured  and  used  for 
the  recalculation,  e.g.  by  application  of  Black's  formula. 


current  density  in  A I  cmA2 


Figure  3:  The  dependence  of  the  standard  deviation  on  current  density  for  several  temperatures 


100000  le+06 

current  density  in  A  /  cmA2 


Figure  4:  Zoom  of  figure  3  at  low  temperature  range 


In  practice  both  mtf  and  the  standard  deviation  of  ttf 
have  to  be  available  in  order  to  describe  completely  the 
failure  behaviour  of  a  test  lot  of  stripes.  The  recalcula¬ 
tion  from  accelerated  tests  to  operation  conditions  gives 
only  useful  information  if  die  distribution  parameters  are 
known  for  all  stress  conditions. 


But  our  calculations  have  pointed  out  that  the  real  tem¬ 
perature  of  die  stripe  can  deviate  distinctly  from  T,.  This 
fret  applies  in  particular  to  die  local  temperature  in  the 
surroundings  of  a  void  which  depends  among  other 
things  on  die  size  and  the  shape  of  die  voids  (Ref2). 
During  the  calculation  the  temperature  acts  as  accelerat¬ 
ing  factor  by  increasing  the  number  of  moving  species 
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Figure  5:  Simulation  of  mtf  as  a  function  of  current  density  for  several  cases  of  temperature  assumptions  (see  text) 


as  well  as  the  diffusion  coefficient  according  to  usually 
applied  Arrhenius  set  up. 

Figure  S  shows  the  simulated  slope  of  the  function  mtf = 
f  (j)  for  three  different  cases. 

1)  assuming  a  constant  temperature  which  implies  an 
ideal  heating  transfer 

2)  considering  the  global  temperature  constant  over  the 
major  part  of  the  stripe  as  result  of  additional  Joule 
self  heating 

3)  involving  the  local  temperature  increase  in  the  sur¬ 
roundings  of  the  voids 

The  first  effect  leads  to  a  linear  dependence  of  ln(mtf) 
on  ln(j)  for  the  entire  current  density  range.  In  the  other 
two  cases  there  is  a  deviation  from  the  linear  slope 
which  is  the  strongest  when  all  temperature  effects  ate 
considered.  Now  the  slope  is  in  a  good  agreement  with 
the  results  received  from  the  measurement 


4.  CONCLUSIONS 

Although  the  Black's  formula  was  not  used  explicitly  as 
an  input  of  the  model  the  calculated  dependencies  con¬ 
firm  experimental  results  especially  the  range  of  values 
for  the  current  density  exponent  n.  The  deviation  of  n 
can  be  described  as  consequence  of  the  temperature  pro¬ 
file  including  Joule  heating  and  local  temperature 
increase. 

Our  calculations  show  that,  for  test  conditions  typically 
used  for  accelerated  test,  a  current  density  exponent  n~2 
can  be  assumed.  But  it  is  not  constant  over  the  full  range 
and  approaches  n  “  1  at  sufficiently  low  current  den¬ 
sities.  The  recalculation  to  operating  conditions  using  a 
constant  n  “  2  involves  the  worst  case  for  the  prediction 


of  the  life  time.  However,  present  circuit  technologies 
which  are  characterised  by  high  claims  of  the  customers 
to  the  quality  standards  require  both  a  high  life  time  and 
a  prediction  of  the  life  time  under  normal  conditions  as 
exact  as  possible. 

Because  of  the  short  computing  times  it  is  possible  to 
calculate  the  mtf  at  operation  conditions  as  well  as  under 
accelerated  test  conditions  and,  by  that,  to  test  the  ap¬ 
plicability  and  correctness  of  a  recalculation  method 
such  as  Black's  formula. 
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PLASTIC  PACKAGING  IS  HIGHLY  RELIABLE 
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1.  THE  NEED  FOR  A  PACKAGE 

The  history  of  integrated  circuits  contains  many 
chapters  of  unreliability  arising  from  the  exposure  of 
the  integrated  circuit  chip  to  harmful  effects  of  the 
external  environment  Early  problems  with  pi  filled 
packages  led  to  the  defined  need  for  hermetic 
packages,  and  detailed  reliability  physics  studies 
identified  a  hermeticity  requirement  of  SxlO-** 
millibar.litres/sec.  However  the  inability  of 
commercial  leak  testers  to  measure  such  low  leak  rates 
influenced  the  hermeticity  specifications  to  be  set  at 
much  higher  levels,  which  have  progressively  been 
tightened  to  the  present  level  of 
1(T8  millibar.litres/sec;  but  is  that  good  enough?  Read 
on  for  the  answer.  Meanwhile  the  inevitable  pressure 
for  cost  reduction  and  increasingly  automated 
manufacture,  led  to  the  development  of  plastic 
encapsulation  by  transfer  moulding  and  other  methods. 
Early  suspicions  that  contaminants  in  the  plastic  and 
the  permeation  of  moisture  would  cause  failures  were 
amply  confirmed  and  led  to  an  enthusiastic 
condemnation  of  the  use  of  plastics  by  defence  and 
telecommunications  reliability  authorities.  Regrettably, 
the  highly  influential  defence  authorities  retained  that 
condemnation  for  decades  despite  having  no  new 
evidence  to  support  that  archaic  viewpoint,  while  the 
rest  of  the  world  moved  on.  Today  more  than  80%  of 
IC  packages  in  the  world  are  plastic  and  many  are  use 
in  high  reliability  applications,  with  considerable 
evidence  not  only  to  support  the  high  reliability 
obtainable  with  plastic  encapsulations,  but  also  the 
increasing  evidence  of  field  failures  of  hermetic 
packages  satisfying  the  MIL883  hermeticity  standards. 

2.  LABORATORY  EVIDENCE  OF  RELIABILITY 
OF  HERMETIC  AND  PLASTIC  PACKAGED 
DEVICES 

Reliability  engineering  of  plastic  encapsulation  was 
pioneered  during  1966-1985  at  British 
Telecommunications  Laboratories  (BT  Labs),  England, 
with  the  active  participation  of  major  plastics  materials 
suppliers.  The  evaluations  were  facilitated  by  the 
invention  of  the  HAST  reliability  assessment  technique 
by  BT  Labs  in  1968.  The  high  reliability  capabilities 
were  published  in  the  early  eighties,  and  plastic 
encapsulation  was  adopted  for  terrestrial 


telecommunications  use  at  that  lime.  The  outcome  of 
the  work  over  many  years,  led  to  two  developments: 

(i)  proven  relationships  for  accelerated  ageing  by  non- 
saturated  damp  heat  within  distinct  validation  limits  for 
systematic  acceleration?- 

(ii)  strong  evidence  that  discrete  devices  junction 
coated  with  particular  plastic  encapsulants  were  highly 
reliable3. 

The  first  such  experiments  which  produced  convincing 
evidence  of  high  reliability  were  conducted  on  test 
vehicles  comprising  an  assembly  of  npn  and  pnp 
transistors  and  specially  designed  moisture  sensors, 
assembled  onto  ceramic  substrates3  (Figure  1).  These 
were  then  coated  with  one  of  IS  different  plastic 
coatings.  The  test  vehicles  were  then  subjected  to  high 
temperature  and  separate  high  humidity  tests  with 
electrical  bias  applied  to  the  devices.  Evidence  from 
over  4000  hours  duration  of  overstress  testing  on  some 
500  test  vehicles  showed  that  reliability  equivalent  to 
25  years  in  tropical  climates  was  achieved  by  some 
four  silicone  plastic  encapsulations,  while  most  of  the 
other  materials  continued  to  be  hazardous  to  device 
reliability  (Experiment  1,  Table  1,  Figure  2).  A  second 
series  of  experiments  (Experiment  2)  used  the  better 
junction  coating  materials  from  the  first  experiment, 
selected  for  their  compatibility  with  a  range  of  top 
coatings  which  were  added  to  provide  'screwdriver' 
protection.  The  results  from  the  dual  coated  test 
vehicles  showed  that,  of  the  materials  tested,  two 
combinations  -  a  silicone  plus  filled  silicone,  and  the 
silicone  and  a  filled  phenolic  -  demonstrated  high 
reliability  also  equivalent  to  over  25  years  in  tropical 
climates  (Table  2,  Figure  3,  Figure  4).  On  the  basis  of 
such  work,  British  Telecommunications  adopted  the 
use  of  plastic  encapsulated  integrated  circuits  (ICs)  in 
high  reliability  applications  and  opened  the  door  in 
Europe  to  the  acceptance  of  plastic  encapsulations  for 
high  reliability  applications.  Others  followed  this 
example  and  also  subsequently  published  promising 
results  on  the  reliability  of  plastic 
encapsulations*"5"6'7’8 

The  identification  of  high  reliability  plastic  coatings 
led  to  the  invention  of  the  EPIC,  a  low  cost  and  high 
performance,  plastic  chip  carrier  (Figure  5)  which  was 
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failure?  Percentage  failure?  Percentage  failure? 


Fig  I.  Test  Vehicle  for  Junction  Coating  Evaluation 
npn,  pup  and  moisture  sensors 


Coating 

Cade 

Coating  Type 

Curing 

Temp*C 

A 

Rigid  silicone 

175 

B 

Semi -flexible  silicone 

175 

c 

Flowing  silicone 

175 

D 

Thixotropic  silicone 

175 

E 

Silicone-epoxy  specially  adapted 

160 

F 

Poty-paraxytene 

— 

c 

Heat-resistant  pofytmide 

175 

H 

Unfilled  epoxy  (junction  or  top  coat  material  1 

160 

i 

Riled  epoxy 

160 

L 

Riled  silicone  (junction  or  topcoat  material) 

175 

M 

Thixotropic  epoxy  dip  (top  coating  material) 

120 

D  +  H 

Silicone +Eposy 

160 

D+M 

Silicone  4- Epoxy 

120 

R 

Proprietary  combination:  junction-*- top  coatings 

— 

S 

Proprietary  combination:  junction  -f  top  coating 

— 

Total  of  15  batches  of  16*240  test  vehicles 

Table  1.  Junction  Coatings  Tested  in  the  First 
Experiment 


NPN  transistor! 


100 


PNP  transistors 
f  rot  at  lOOh 


80 1- 1-1  at  1500h 


60 

40 

20 

0 


n  ril  rfi  n  J 


Moisture  seniors 


D+H  R 

Coating  codes 


Fig  2.  Bar  Charts  ef  Percentage  Failures  of  the 
Junction  Coated  Tea  Elements 


Coating 

Codes 

Coating  Types 

Final 
Curing 
Temp  *C 

C+L 

Thin  silicone-*-  Riled  silicone 

175 

C+M 

Thin  sihcone+Thixotropic  epoxy 

120 

C+N 

Thin  silicone+  Fusing  epoxy  powder 

100 

C+P 

Thin  silicone + Phenolic  dip 

160 

D+L 

Thixotropic  silicone  +  Filled  Silicone 

175 

D+M 

Thixotropic  silfcone+Thixotropic  epoxy 

120 

D+N 

Thixotropic  silicone + Fusing  epoxy  powder 

100 

D+P 

Thixotropic  silicone  4- Phenolic  dip 

160 

1*1 

Riled  epoxy +  Filled  silicone 

160 

)*M 

Filled  epoxy 4- Thixotropic  epoxy 

120 

J+N 

Filled  epoxy  +  Fusing  epoxy  powder 

100 

J  +  P 

Riled  epoxv 4- Phenolic  dip 

160 

K'+L 

Silicone  RTV  +  filled  silicone 

175 

K'+M  Silicone  RTV+Thixotropk  epoxy 

120 

K’+N  Silkooe  RTV  +  Fusing  epoxy  povnler 

100 

K+P 

Silicone  RTV + Phenolic  dip 

160 

Total  of  16  batches  of  16-236  test  vehicles 
*K  was  substituted  as  a  very  promising  replacement  lor  A  which 
had  been  discontinued  by  the  plastics  manufacturer,  during  the 
exercise . 

Table  2.  Combination  of  Good  Junction  Coatings 

With  Added  Top  Coatings  Tested  in  Second 
Experiment 
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fabricated  by 
techniques^. 


standard  printed  wiring  board 


Reliability  assessments  of  the  EPIC  were  carried  out 
alongside  other  commercially  available  packages 
containing  die  same  species  of  IC10.  The  results  of 
both  dry  heal  and  damp  heat  tests  (Table  3  and 
Table  4)  show  that  a  certain  commercially 
manufactured  surface  mount  micropackages  were 
capable  of  achieving  high  reliabilities  in  both 
temperate  and  tropical  climatic  conditions,  while  there 
still  remained  a  number  of  suppliers  unable  to  achieve 
adequate  reliability  even  in  temperate  climates  (Figure 
6  and  Figure  7).  It  is  particularly  important  to  note  that 
the  silicone  junction  coated  ICs  and  one  manufacturer's 
plastic  moulded  small  outline  IC  package  (SOIQ 
outperformed  the  hermetically  packaged  ICs.  The 
mechanism  of  chemisorption  of  silicones  onto  the 
silicon  passivation  surfaces  was  identified  as  the 
adhesion  and  protection  mechanism  with  silicone 
encapsulations,  while  Van  der  Waal  adhesion  forces 
provided  the  adhesion  mechanism  for  epoxy 
encapsulations.  The  fact  that  hermetically  packaged 
ICs  failed  in  the  high  humidity  tests  clearly  showed  up 
the  false  assumption  that  MEL 883  tested  hermetic 
packages  do  not  need  to  be  subjected  to  humidity  tests 
(the  vulnerability  of  MIL883  hermetic  packages  to 
external  moisture  is  described  later  in  the  paper).  In 
fact  all  packages  must  be  subjected  to  ail  the  tests  if 
they  are  to  prove  their  ability  to  survive  in  the  climates 
represented  by  the  accelerated  test  conditions  (the 
accelerated  test  conditions  are  described  later  in  this 
paper).  The  reliability  tests  were  accompanied  by  Adi 
failure  analyses  and  showed  weaknesses  in  some  of  the 
plastics  materials,  such  as  ionic  and  halide 
contamination,  and  also  the  excellent  and  intact 
survival  of  silicone  junction  coated  ICs  (Figure  8).  The 
reliability  tests  also  established  the  credentials  of  the 
materials  specification  M219F11. 


The  IEEE  Gel  Task  Force  took  up  the  challenge  later 
that  decade  to  undertake  evaluations  of  polymer  gel 
coatings  for  integrated  circuits  *2.  The  Task  Force, 
formed  under  the  auspices  of  the  Computer  Packaging 
Committee  of  the  IEEE  Computer  Society,  comprised 
representatives  from  24  companies  in  the  USA.  Some 
1440  IC  chips  containing  a  specific  test  patterns  and 
protected  by  different  glassivations,  were  tested  with 
five  gel  types  and  one  silicone  RTV.  The  test  patterns 
were  intended  to  reveal  simple  corrosion  and  breaks  in 
the  wires.  The  evaluation  tests  conducted  on  the 
encapsulated  test  vehicles  comprised  thermal  shock, 
salt  spray  and  HAST  (nan-saturated  autoclave).The 
outcome  was  that  the  more  rigid  and  thicker  comings 
caused  wires  to  be  broken.  It  was  clear  that  thick 
silicone  RTV  coatings,  applied  without  dilution, 
caused  strain  and  damage  to  the  wires  (Figure  9).  This 
was  consistent  with  the  recommendation  from  the 
original  work3  that  junction  coatings  should  be  applied 
thin,  barely  to  cover  the  wirebonds  on  the  chip,  i.e. 


about  23  microns  thick.  However  three  of  the  thinly 
applied  silicone  gels  did  indeed  achieve  good 
protection  of  the  test  vehicles  (Figures  10  A  11),  the 
test  vehicles  without  any  glassivation  over  the 
metalisations  performing  the  poorest  of  these.  Of  the 
better  performing  glassivated  lest  vehicles,  it  appeared 
that  the  nitride  passivations  on  the  test  vehicles  in  the 
Task  Force  exercise  were  of  poor  quality  and  showed 
stress  fractures  through  which  corrosion  products  had 
penetrated  under  the  coatings.  The  Task  Force 
undertook  no  determination  of  the  physical  or  chemical 
adhesion  or  protection  mechanisms  of  the 
encapsulations.  The  evaluation  did  establish  that  gel 
coated  devices  would  withstand  acceleration  forces  up 
to  15000  G. 

Recent  work  by  British  Telecommunications  on  low 
cost  packaging  for  optoelectronic  components13  took 
encouragement  from  the  IEEE  Task  Force  results  on 
gels  and  the  pioneering  wort  by  the  predecessors  at 
BT3,  and  proceeded  with  the  evaluation  of  the  use  of 
the  better  gels  as  reported  by  the  Task  Force  report  and 
applied  them  to  PIN  and  laser  diodes  and  GaAs  ICs. 
The  accelerated  ageing  conditions  and  the  acceleration 
factors  to  predict  longevity  were  based  on  the  earlier 
work3.  Tests  of  the  coated  PIN  diodes  in  damp  heat 
conditions,  showed  that  three  of  the  four  gels  provided 
excellent  reliability  protection  (Figure  12)  equivalent 
to  many  decades  of  longevity,  provided  the 
acceleration  factors  for  non-hermetic  silicon  devices 
from  the  earlier  tests  were  applicable.  The  lasers 
showed  inconsistent  behaviour  (Figure  13).  with  the 
degradation  occurring  cumulatively  in  the  small 
population  of  devices.  The  investigator  was 
encouraged  by  the  survival  of  3  of  the  4  gel  coated 
lasers  beyond  3300.  The  damp  heat  tests  on  gel  coated 
GaAs  ICs  showed  a  remarkable  stability  of  the  ICs  up 
to  6000  hours  (Figure  14).  These  encouraging 
observations  led  to  the  development  of  low  cost 
assembly  of  an  optoelectronic  circuit  board  with  the 
individual  active  devices  (PIN,  Laser  diode  and  GaAs 
logic  ICs)  encapsulated  in  gel. 

Silicone  and  indeed  some  epoxy  encapsulations  of  the 
multiple  chips  of  multi-chip  modules  (MCMs)  provide 
high  reliability  protection  not  only  for  longevity  in 
temperate  climates  but  also  in  tropical  climates  and  the 
high  reliability  demands  of  satellite 
communications1*.  Of  course  apace  is  quite  s  different 
environment,  with  the  hostility  arising  from  launch  and 
manoeuvre  stresses  and  from  radiation.  Nevertheless, 
plastic  encapsulation  by  the  use  of  junction  coatings 
(compliant  thin  coatings  directly  applied  to  the 
surfaces  of  the  dice)  offer  very  high  protection  of 
semiconductor  devices.  (Bob  Top  is  an  unfortunate 
terminology,  because  it  has  been  associated  with  low 
technology  low  reliability  applications. 

The  potential  for  space  application!  arises  because 
reliable  dice  can  be  protected  by  an  intonate 
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Fig  S.  Plastic  Decapsuiattd  Reliable  IC. 


Pig  9.  Cumulative  Failures  of  Thick  SOicoat 

Coated  Vehicles  of  IEEE  Gel  Task  Force 11 
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Fig  10.  Cumulative  Failures  of  Thin  Silicone  Gel 
DN  Coated  Test  Vehicles  of  IEEE  Task  Force 12 
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Fig  II.  Cumulative  Failures  of  Thin  Silicone  Gel 
WN  Coated  Test  Vehicles  of  IEEE  Task  Force12 
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Fig  12.  Dark  Current  Parametric  Behaviour  of 

Reliable  Junction  Coated  PIN  Photodiodes13 


Coated  and  uncoated  TBH  lasers 
Damp-heat  stress  8S*C/83*  RH 


Fig  13.  Threshold  Current  Behaviour  of  Junction 
Coated  Laser  Diodes 22 
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Fig  14.  Supply  Current  Behaviour  of  Reliable 
Junction  Coaled  PIN  Photodiodes1^ 
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application  of  a  junction  cbating.  There  are  now  many 
excellent  silicones  which  form  intimate  bonds  with  the 
surfaces  of  semiconductor  dice  by  chemisorption.  This 
requires  the  surfaces  of  the  dice  to  be  chemically  clean, 
which  can  be  achieved  by  either  wet  processes  or 
ideally  by  a  final  plasma  clean.  Application  in  vacuum 
facilitates  intimate  contact  Coatings  must  be 
thoroughly  cured,  which  means  beyond  the 
manufacturers'  recommended  curing  times  (which  are 
defined  for  a  high  percentage  of  polymerisation). 
Effective  curing  times  are,  e.g.  150°C  for  30  mins  +  3 
hours  at  180°C.  Such  a  coating  achieves  an  intimate 
and  robust  seal  which  will  safeguard  the  existing 
reliability  of  the  dice  against  external  climatic  attack. 
For  space  applications,  the  encapsulation  adds 
mechanical  support  of  wire  or  TAB  bonds,  and  adds 
the  major  advantage  of  attenuating  particles  which  can 
give  rise  to  soft  errors,  a  particle  activity  of  silicones  is 
very  low,  of  the  order  of  0.002  per  cm*  per  hr  for  1-8 
MeV  energies.  On  the  other  hand,  silicone  effectively 
attenuates  a  particles,  for  instance,  resulting  in  zero 
errors  in  10**  device  hours  of  operation,  compared  with 
200  soft  errors  if  the  silicone  protection  was  not 
present.  As  a  particles  can  be  sourced  also  from 
alumina  substrates  and  lead  solder  terminations,  the 
silicone  adds  versatility  to  the  range  of  materials  that 
may  be  used  in  the  assembly  of  the  MCMs. 

The  options  for  MCM  materials  for  use  in  space  are 
still  wide  open.  The  payload  advantage  currently 
remains  with  silicon  substrates  using  thin  film 
multilayers  with  either  S1O2  or  polyimide  dielectrics. 
Silicoo  substrates  also  provide  advantages  of  heat 
removal.  Nevertheless,  a  number  of  low  dielectric 
constant  polymers  are  providing  exciting  opportunities 
for  high  performance.  The  Radiation  Hardness  of  a 
number  of  MCM  polymer  materials  have  been  tested  to 
differing  degrees  of  severity.  For  instance,  polyimide 
has  been  found  to  retain  essential  properties  with 
dosages  in  excess  of  100  MRads  of  y  radiation,  while 
BCB  materials  have  been  tested  successfully  with 
dosages  in  excess  of  100  MRads  of  7  radiation. 
Therefore  there  are  few  fears  for  the  inherent  useabitity 
of  polymers  in  satellite  communications  applications. 

3.  FIELD  EVIDENCE  OF  THE  RELIABILITY  OF 
HERMETIC  AND  PLASTIC  PACKAGED 
DEVICES 

3.1  Failures  of  iiwtaltwl  telecommunications 
eoninment  In  India  dne  tn  hermetir  packaged  1C 

The  major  investment  by  the  Indian  Department  of 
Telecommunications  (DOT)  in  acquiring  digital 
switching  systems  for  the  planned  expansion  and 
modernisation  of  their  telecommunications  network 
was  achieved  by  importing  systems  and  large  scale 
technology  transfer.  The  digital  system  was  supplied  as 
a  mature  technology  using  components,  including 


mandatory  hermetically  packaged  lCs,  to  MIL883. 
However,  no  attempt  was  to  adapt  the  technology  to 
the  conditions  of  supply  and  use  in  India.  Fortunately, 
an  United  Nations  Development  Programme  (UNDP) 
expert  advisor  scheme  was  set  in  place  at  the  same 
time,  which  led  to  an  effective  scheme  being  set  up  in 
Bangalore  for  reliability  assessment,  field  failure  data 
retrieval,  failure  analysis,  and  analysis  of  the  climatic 
conditions  relevant  to  the  use  of  electronics  in  India. 

DOT  set  up  SCRAM  (System  for  Component 
Reliability  Analysis  and  Measurement)1^  Controlled 
retrieval  of  information  from  the  installed  base  of 
digital  telephone  exchanges  analysed  by  SCRAM,  has 
produced  the  distribution  of  failures  by  component 
type  shown  in  Figure  IS,  in  which  it  can  be  seen  that 
the  predominant  contributor  to  failures  were  ICs, 
followed  by  hybrid  modules,  transistors  and  capacitors. 
The  data  was  further  analysed  into  classifications  of 
defects  for  all  components,  and  an  example  is  shown 
for  ICs  (Figure  16).  For  the  period  in  question,  the  IC 
failure  rate  alone  amounted  to  17S5  Fits  (1  Fit  =  1 
failure  in  10^  device  hours)  in  a  population  of  2.3S 
million  ICs. 

Failure  analyses  confirmed  the  IC  hermeticity  met  the 
MIL883  criterion  of  10'*  millibar. Utres/sec  with  only  3 
exceptions.  The  analyses  also  showed  that  the 
dewpoints  within  the  packages  ranged  horn  -20°C  to 
+30®C,  corresponding  to  relative  humidities  that  will 
have  reached  as  high  as  95%  during  operation. 
Detailed  physical  analysis  of  some  10000  components, 
including  more  than  2000  ICs.  were  carried  out  over 
five  years  at  the  Failure  Analysis  Laboratory.  The 
failure  mechanisms  of  the  active  devices  (ICs,  hybrid 
microcircuits,  transistors,  diodes)  were  distributed  as 
shown  in  Figure  17.  Apart  from  those  failing  due  to 
electrical  overstress,  attributable  to  a  poorly  suppressed 
electrical  environment,  the  most  consistent  failure 
mechanism  observed  was  corrosion  of  the  aluminium 
metatisations. 

The  analyses  of  the  devices  and  the  environment 
showed  that,  after  manufacture,  the  packages  gained 
moisture  sourced  from  the  high  levels  encountered 
during  transport  and  storage  in  India,  entering  through 
the  "acceptable"  leaks  in  the  package  body.  The 
moisture  retained  within  the  package  will  have  started 
a  train  of  corrosion  even  during  storage,  and 
accelerated  when  the  equipment  was  electrically 
operated  as  the  equipment  was  brought  into  service. 

The  manner  in  which  hermetic  packages  can  gain 
moisture  is  illustrated  by  calculations  of  the  water 
penetration  into  packages  having  a  leak  rate  equal  to 
the  M1L883  specified  level.  Even  a  modest  external 
ambient  moisture  of  2S°C,  70%RH  can  cause  a  gain  of 
5000  pans  per  million  of  water  into  such  a  hermetic 
package  within  2  months1**  (Figure  18).  The 
hermeticity  required  to  properly  safeguard  active 
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devices  for  high  reliability  applications  must  be  less 
than  I0*u  millibar.litres/sec. 


The  problems  of  the  more  severe  climatic  conditions 
were  anticipated  well  before  the  failures  actually 
occurred.  A  programme  to  analyse  the  climatic 
distribution,  average  climatic  conditions,  and 
conditions  representing  reliability  safeguards  covering 
95%  and  99%  of  the  occurrences  likely  in  India,  was 
therefore  already  well  in  hand.  Meteorological  data 
obtained  over  30  years  from  162  locations,  weighted 
according  to  the  geographic  area  they  represent,  has 
been  analysed.  The  outcome  of  this  work  has  been 
reported1 '.  This  data  converts  into  Table  5. 


Hot  Humid  29°C,  83%RH  29°C,86%RH 

(33  mbar)  (34  mbar) 


Hot  Dry  40°C  42°C 


The  information  from  the  climatic  analysis  has  been 
applied  to  determine  test  conditions  for  both  equipment 
and  components.  The  particular  specification  for 
environmental  testing  conditions  for 
telecommunications  equipment  is  the  DOT 
specification  QM-33317. 

The  climatic  conditions  given  in  Table  5  have  been 
applied  to  the  well  established  equation  for  reliability 
assessment  by  damp  heat  testing  of  non-hermetically 
packaged  ICs1**,  in  order  to  calculate  the  detailed 
stress  test  conditions  to  simulate  20  years  operation. 
Inserting  the  BT  Labs  HAST  stress  test  conditions  into 
the  equation  gives: 

tj=  175000/exp(0.00044[(90)2-(RHamb)2J 
+  7000(l/ramb-l/381)J 

where:-  ts  is  the  required  duration  of  the  stress  test 

-  RHjmi,  is  the  ambient  humidity  from 
Table  5 

-  Tgmb  is  the  ambient  temperature  from 
Table  5  convened  to  absolute  units 

the  applied  stress  condition  of  108°C,  90%RH,  in  a 
non-saturating  autoclave  HAST  test2  gives  more 
dependable  but  more  severe  damp  heat  acceleration  of 
ageing  than  is  obtainable  with  humidity  chambers. 


Hence,  the  test  durations  for  THB  overstress  tests  to 
simulate  20  years  (175000  hrs)  operation  in  various 
climates  have  been  calculated  (Table  6). 


108oC,90%RH  85oC,85%RH 
Time  (hours)  Time  (hours) 


Temperate 

General 

(12°C,72%)  ..100  500 

Temperate 
Equipment  Room 

(30oC,25%)  60  300 

Tropical  Coverage 
95%  India 

(29oC,83%)  850  4100 

Tropical  Coverage 
99%  India 

(29°C,86%)  1000  5100 

Tropical  Severe 

(35°C,90%)  2000  10000 


Clearly  the  non-saturating  autoclave  HAST  test  is 
considerably  more  efficient  than  the  85°C,85%RH 
humidity  test  The  extensive  base  of  experimental  work 
that  has  been  conducted  with  the  apparatus  has  also 
established  its  credentials  for  robustness  and  precision 
of  control. 

It  is  an  unfortunate  fact  that  the  nations  which  can  least 
afford  the  problems  of  severe  climatic  conditions  are 
those  which  require  greater  and  therefore  more  costly 
safeguards  of  component  and  equipment  reliability. 
The  evidence  presented  here,  accumulated  over  many 
years,  has  clearly  revealed  the  vulnerability  of 
supposedly  reliable  components  used  in  modem 
equipment  The  Indian  (and  other  tropical)  climate 
requires  more  severe  testing  of  electronics  components 
than  is  applied  abroad. 


In  order  to  establish  systems  more  relevant  to  the 
dispersed  rural  needs  of  India,  its  diverse  and  severe 
climatic  conditions,  and  the  need  to  achieve  a  high 
storage  and  operational  reliability  of  its  equipment  the 
Indian  Government  established  the  Centre  for 
Development  of  Telematics  (C-DOT) 
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C-DOT  set  to  with  significant  determination  and  ability 
to  develop  a  modular  digital  telecommunications 
switching  system,  starting  from  a  building  block 
suitable  for  rural  locations  not  having  air  conditioning. 
The  C-DOT  developers  made  the  bold  decision  to  use 
plastic  packaged  ICs  and  that  the  component 
technologies  should  be  able  to  operate  without  air 
conditioning  and  survive  the  rigours  of  the  diverse 
climatic  conditions  to  be  encountered  in  India. 

Components  were  evaluated  using  accelerated  ageing 
tests  appropriate  to  assuring  20  years  reliability  in 
uncontrolled  climatic  conditions,  determined  during 
the  course  of  the  work  described  herein.  The  equipment 
was  tested  in  walk-in  chambers  to  the  conditions 
specified  in  QM-333.  The  choice  made  by  C-DOT 
thereafter  was  to  approve  the  manufacturers  of  the 
components  that  met  the  evaluation  criteria. 

The  switching  systems  were  successfully  developed 
and  have  been  in  the  field  for  two  years.  Modularity 
has  enabled  switches  with  10000  line  capacity  to  be 
built.  The  reliability  results  in  the  field  have  been 
promising  with  one  glaring  exception. 

-  so  far,  the  IC  failure  rates  are  less  than  1  Fit  out  of 
154000  line  circuits. 

-  hybrid  microcircuit  failure  rates  amounted  to  600  Fits 
during  3xl09device  hours 

•  the  alarming  exception  was  the  rogue  failures  of  a 
particular  type  of  memory  1C  which  passed  the 
functional  tests  upon  assembly  into  the  memory  cards, 
but  then  failed  on  installation  into  the  equipment 
Allowing  a  generous  amount  of  10  hours  for  survival 
upon  installation,  yields  a  component  failure  rate  of 
8x10^  Fits!  Because  a  single  IC  failure  caused  the 
memory  card  to  fail,  40%  of  the  memory  cards  failed. 
The  manufacturer  of  these  ICs  was  ostensibly  a  major 
international  manufacturer,  as  the  package  logo  and 
code  showed.  However,  tracking  down  the  source 
proved  otherwise!  The  logo  was  an  imitation,  and  the 
components,  while  having  the  same  function,  were 
fake.  The  finding  was  a  severe  lesson  that 
manufacturer  approval  alone,  and  the  lack  of  routine 
vigilance  and  assessment,  is  a  dangerous  gamble. 
Nevertheless,  the  excellent  behaviour  of  the  authentic 
ICs  proved  the  bold  decisions  to  use  known  good 
plastic  packaging,  was  wise.  Thus  there  is  now  an 
awareness,  alertness  and  responsiveness  to  the  needs  of 
more  demanding  climates,  and  for  cost-effective  ways 
of  achieving  them. 


Benefits  are  already  being  realised,  for  instance,  in  an  8 
billion  Franc  project  in  France  in  which  1  billion 
Francs  is  being  saved  by  using  reliable  plastic  packaged 
ICs  in  portable  military  communications.  Defence 
applications  already  have  a  5  year  history  of  the  use  of 
plastic  packaged  devices  in  missiles  with  no  field 


failures.  The  reported^  increasing  military  use  shows 
that  the  final  bastion  of  resistance  to  the  sensible  use  of 
low  cost  high  reliability  plastic  packaging,  has  been 
penetrated. 

The  relative  reliability  of  plastic  packages  at  55°C  can 
be  scaled  as  follows: 

simple  devices  1  Fit 

memory  devices  10  Fits 

ITLSI  logic &nP  100  Fits 

Packages  using  the  purer'  *  moulding  compounds  have 
an  average  reliability  of  40  Fits.  This  can  be  unproved 
to  30  Fits  by  the  use  of  good  quality  S13N4  passivation. 

Automotives  are  also  increasingly  using  plastic 
encapsulation  even  in  the  hostile  environment  under 
the  bonnet.  A  good  example  is  the  Ignition  Control 
hybrid  microcircuit  of  the  Fiat  Cinquecento.  The  active 
integrated  circuit  is  a  barc-chip-and-wire  assembly 
which  is  junction  coated  with  a  silicone  encapsulanL 
Some  500000  vehicles  have  had  no  system  failures  in 
the  field  in  two  years. 

4.  DISCUSSION  AND  CONCLUSIONS 

The  traditional  requirement  for  hermetic  packaging 
may  now  be  overturned  in  favour  of  plastic  packaging 
on  many  grounds: 

(i)  the  inadequacy  of  the  hermeticily  specification. 

(ii)  the  full  range  of  laboratory  evidence  of  high 
reliability  of  silicone  junction  coated  ICs  undertaken 
by  a  number  of  researchers,  including  the  author, 
showing  that  plastic  encapsulations  may  now  be  used 
for  microelectronics  and  optoelectronics  in 
telecommunications  and  also  in  automotive,  military 
and  space  applications  as  the  better  option  in  many 
instances. 

(iii)  the  demonstrated  field  failures  of  "MIL883" 
hermetic  packaged  devices,  and  the  massive  ingress  of 
moisture,  which  caused  many  system  failures. 

(iv)  the  demonstrated  better  field  reliability  in  rural 
tropical  climates,  of  assessed,  standard  plastic 
packaged  ICs  from  major  manufacturers. 

The  invention  of  HAST  has  proved  to  be  an  invaluable 
tool  in  the  drive  to  develop  high  reliability  plastic 
packaging.  Combined  with  the  climatic  analyses,  there 
are  now  clear  methods  for  evaluating  plastic  packaged 
device  reliability  for  various  climates.  Of  course,  tests 
only  provide  the  basis  for  selecting  the  right 
technologies.  The  essence  of  reliability  engineering  is 
to  develop  the  technologies  and  build  in  the  reliability 
improvements. 

Fortunately  the  good  prospects  of  achieving  the 
required  reliability  at  low  cost  followed  from  the 
initiatives  described  earlier  in  this  paper.  These 
initiatives  have  been  followed  and  recognised  in  the 
influential  work  which  foUowed'2,'5 


It  is  a  profound  fact  that  each  day's  production  of 
plastic  packaged  ICs  is  sufficient  to  provide  sufficient 
data  on  parts  per  million  defects,  whereas  the  tedious 
qualified  components  route  for  hermetic  package 
evaluation  can  take  three  years  to  obtain  the  same 
magnitude  of  data.  The  inexorable  momentum  will 
make  the  undisputed  encapsulation  of  future  ICs  will 
be  the  plastic  package. 
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1.  INTRODUCTION. 

This  work  presents  an  original  technique 
of  cureent  density  measurement  in  metallic 
assemblies  like  solder  joints.  This  development  is 
to  study  the  evolution  of  current  flow  inside 
connection  assemblies  during  ageing  tests.  The 
measurements  are  performed  upon  microsections 
showing  the  different  metals.  Electrical 
measurements  are  quite  difficult  upon  such 
structures  because  the  variation  of  potential 
between  close  points  is  very  small  and  because  a 
contact  measurement  may  influence  the  result  We 
propose  a  contactless  method  based  upon  a  laser 
reading.  The  current  density  amplitudes  are 
indirectly  derived  from  measurements  of 
theimoelectrical  effects  generated  in  the  structure. 

The  thermoelectrical  effects  which  take 
place  in  metal  assemblies  are  the  Joule,  the  Peltier 
and  the  Thomson  effect  The  fust  is  very  small  in 
metals  as  the  local  resistance  is  negligible.  The 
Thomson  effect  needs  high  temperature  gradients 
to  be  significant  this  is  not  the  case  in  the  situation 
we  are  interested  in.  Our  experimental  approach  is 
therefore  focused  upon  the  detection  of  the  Peltier 
effect  which  is  produced  at  the  interface  of  metals. 

This  thermal  effect  is  experimentally 
observed  through  the  thermal  expansion  of  the 
structure.  This  is  done  by  measuring  the  surface 
displacement  with  a  high  resolution  interferometric 
laser  probe  (Ref  1).  We  have  shown  in  earlier 
work,  (Refs  2,  3),  that  it  is  possible  to  measure  the 
Peltier  heat  expansion  selectively  from  the  Joule 
one,  with  our  laser  probe. 

The  basic  idea  of  this  paper  is  to  measure 
the  Peltier  thermal  expansion  generated  at  (be 
interface  of  two  metals  crossed  by  an  electric 
current.  This  is  only  valid  for  assemblies  of  metals 
of  different  kind.  As  the  Peltier  coefficient  depends 
only  upon  the  two  metals  involved,  the  beat 
deposited  by  this  effect  at  a  given  location,  trill  be 
proportional  to  the  current  density  crossing  the 
interface  of  the  two  metals  at  this  point  So  by 
mapping  the  interface  Peltier  expansion,  we  map 
the  current  density  crossing  the  interface. 


In  this  paper  we  show  the  feasibility  of  the 
method  upon  a  microsection  of  a  solder  joint.  A 
solder  joint  is  a  pile  up  of  three  different  materials, 
lead,  solder,  and  a  copper  line.  We  present  a  Peltier 
response  map  of  the  microsection  and  profiles  of 
current  density  crossing  the  interfaces. 

A  finite  element  numerical  simulation 
method  (ANSYS)  has  been  used  to  calculate  the 
current  density  map  of  the  solder  joint  section. 
Good  agreement  with  the  measurements  is 
observed,  showing  the  method  to  be  valid. 

We  have  shown,  in  previous  papers  (Refs 
2  and  3)  concerning  solder  joints,  the  Peltier 
expansion  response  to  short  current  pulses  to  be  a 
good  early  ageing  detection  method.  The  purpose 
of  this  work  is  to  provide  quantitative  experimental 
data  in  order  to  investigate  ageing  mechanisms 
inside  solder  joints.  The  future  goal  of  this 
approach  is  to  study  bow  ageing  does  influence  the 
current  flow  inside  bondings,  joints  and  other 
connecting  devices. 


2.  PRINCIPLE  OF  CURRENT  DENSITY 
MAPPING. 

In  order  to  explain  the  principle  of  the 
optical  current  density  mapping  we  propose,  let  us 
consider  a  situation  like  the  one  sketched  in  figure 
1.  Two  pieces  A  and  B  of  different  metals,  having 
same  thickness  zq  are  linked  together  over  a  certain 
length  xo  (the  interface  size  is  x<)X  zp).  The  ends  of 
both  metals  are  connected  to  a  current  generator. 
The  current  has  to  flow  through  the  interface  of  the 
two  metals  and  it  is  the  Peltier  thermal  expansion 
produced  there  that  we  detect. 

The  current  densities  are,  due  to  symmetry 
reasons,  independent  of  z  for  a  given  x.  If  we 
assume  a  contact  potential  between  A  and  B, 
then  for  cosine  current  excitation  Io  cos  (tot),  the 
Peltier  surface  power  density  Pp  (t,  x)  given  off  at 
location  x  upon  the  interface  will  be: 

Pp(t,  X)=  Qm  J( X)COS  COt  (1) 
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with  J(x)  the  current  density. 

This  energy  exchange  is  mixed  up  with  the  one 
resulting  from  the  Joule  power  density  Pj  (t  ,x)  at 
(x.  y=0): 

Pj(t,x)=p[J(x)cosm]2  = 


pV(*)\2 


cos  2atl 

2  J 


(2) 


with  p  the  metal  resistivity. 


Figure  1:  Sketch  of  experimental  situation  for 
Peltier  current  density  probing  at  the  interface  of 
two  metals  A  and  B. 

We  see  from  relations  1  and  2  that  the 
Peltier  contribution  can  be  distinguished  from  the 
Joule  one  by  detecting  the  signal  at  the  first 
harmonic.  The  power  variation  over  time  (relation 
1)  of  the  Peltier  effect  produces  temperature 
variations  in  the  structure  at  the  same  frequency. 
These  variations  are  the  same  for  all  z  for  a  given 
x.  We  take  advantage  of  this  by  measuring  the 
thermal  expansion  resulting  from  the  temperature 
variations  of  the  component  in  the  z  direction.  We 
point  the  laser  probe  in  the  z  direction  and  use  the 
front  surface  as  reflector.  The  expansion  amplitude 
at  location  x  upon  the  y  =  0  line  will  be 
proportional  to  J(x)  according  to  relation  (1), 
and  as  a  consequence  the  profile  along  x  will  map 
the  current  density  profile. 


3.  MEASURING  METHOD. 

The  expansion  measurements  are 
performed  with  our  interferometric  laser  probe 
presented  in  earlier  work  (Ref  1). 

3.1.  Experimental  tea  structure. 

We  have  chosen  to  study  the  same  test 
structures  as  in  previous  work  (Refs  2,  3),  which 
were  Daisy  chained  components  mounted  on  an 
Isolated  Metallic  Substrate.  We  have  made  a 
microsection  so  as  to  have  access  to  the  metallic 
interfaces  separating  different  materials.  It  can  be 
seen  as  a  pile  up  of  different  elements:  lead,  solder, 
copper,  insulator  and  substrate  (Figure  2). 

32.  AC  thermal  excitation. 

The  electrical  connections  are  taken 
between  the  top  of  the  lead  and  the  copper  line  near 


the  tip.  We  applied  to  this  lest  structure  AC  current 
excitation  of  about  200mA  amplitude.  We  use  a 
synchronous  detection  and  select  the  first  harmonic 
response.  A  good  sensitivity  is  needed  because  the 
expansion  amplitudes  are  less  than  one  ptcometer. 
The  choice  of  the  excitation  frequency  is  very 
important  as  we  want  to  get  a  high  dilatation 
amplitude  and  a  very  short  diffusion  length.  The 
diffusion  length  of  a  thermal  wave  is  the  distance 
over  which  the  wave  amplitude  has  dropped  by  a 
factor  e*1.  The  two  requirements  above  are 
antagonist  with  respect  to  the  frequency  as  the 

1 

expansion  amplitude  depends  on  —  and  the 

diffusion  length  depends  on  -jj  .  We  have  chosen 

the  frequency  equal  to  10  kHz  as  a  good 
compromise,  the  diffusion  length  is  then  of  the 
order  of  30  pm. 

3.3.  Synchronous  detection  at  harmonic  One. 

The  use  of  a  lock-in  amplifier  allows  a 
good  selection  of  the  Peltier  response  with  respect 
to  the  Joule  one  (2f).  In  fact  we  note  that  under  the 
same  excitation  conditions  the  Joule  expansion  is 
too  small  to  be  observed. 


4.  RESULTS. 


This  current  density  measuring  method 
holds  also  for  components  having  slacked  metals 
like  a  solder  joint.  Figure  2  shows  a  sketch  of  a 
solder  joint  section.  Current  flows  from  the  lead  L 
through  the  solder  S  to  the  copper  C.  Peltier 
sources,  proportional  to  the  local  current  density, 
are  located  along  the  lead-solder  and  solder-copper 
borderlines 

We  have  measured  first  harmonic  thermal 
expansion  amplitudes  at  different  locations  upon 
the  solder  joint  section.  Figure  2  shows  a  map  of 
these  expansions  upon  a  solder  joint  From  this 
map  it  is  clearly  seen  that  the  current  mainly  flows 
at  the  lip  and  heel  of  the  foot  representing  the 
solder  joint  section.  This  3D  map  shows  the  general 
trend  of  current  flow  together  with  other  features 
difficult  to  understand  at  the  present  state  of  our 
investigations.  We  therefore  have  undertaken  more 
detailed  rrcasuremenis  along  the  metals  interfaces. 

Figure  3  shows  a  picture  of  a  section  of  the 
solder  joint.  As  the  Peltier  detection  allows  to 
measure  the  current  density  along  the  borderline  of 
two  different  metals,  we  have  measured  the  first 
harmonic  thermal  expansion  along  line  AC  (lead- 
solder)  and  along  AB  (solder-copper).  Figures  3b 
and  3c  show  the  results.  They  show  with  more 
details  the  observations  already  seen  in  the  map  of 
figure  2.  There  are  two  main  locations  where 
current  flows,  at  the  end  of  the  lead  and  at  the 
curved  pan  of  the  lead.  The  existence  of  two  main 
routes  for  the  current  is  rather  surprising.  We  show 
in  the  next  section  that  this  is  predicted  by 
modelling. 
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Figure  2:  Peltier  expansion  map  of  solder  joint  indicating  current  flow 
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Figure  3:  a- Solder  joint  section,  b-  Expansion  amplitude  profile  along  AC  interface, 
c-  Same  along  AB  interface.  Expansion  units  are  picometers. 
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5.  SIMULATIONS. 

A  two  dimensional  Finite  Element  (FEM) 
simulation  of  the  solder  joint  was  performed  using 
the  commercial  FEM  program  ANSYS.  We  used 
tbe  thermal -electric  element  type  PLANE  67  for 
the  model.  A  potential  of  OV  was  applied  on  tbe 
left  border  of  tbe  model  at  tbe  copper  plate  (see 
Figure  2).  On  tbe  top  border  of  tbe  model  a  voltage 
of  0.8mV  was  applied  at  tbe  lead.  This  boundary 
conditions  do  correspond  to  a  induced  current  of 
170mA.  Tbe  bottom  of  tbe  copper  plate  was 
considered  as  a  beat  sink  at  room  temperature.  Tbe 
used  material  parameters  are  given  in  table  1. 


unit 

copper 

lead 

solder 

Thermal 

conductivity 

W/mK 

370 

15 

51 

electrical 

resistivity 

yftan 

1.7 

76 

17 

Therefore  an  important  Peltier  signal  is  seen  at  tbe 
'tip*  and  'heel'  of  tbe  'foot'  of  the  solder  joint 
This  is  clearly  sea  in  figure  4. 

We  show  in  figure  S  the  calculated 
absolute  values  of  tbe  component  of  the  current 
density  normal  to  the  interface  AB  (copper-solder). 
These  results  have  to  be  compared  with  the 
experimental  results  of  figure  3c. 


Position  (pm) 


Table  l:  Material  parameters  used  in  the  FEM 
simulation. 

Tbe  temperature  dependence  of  the 
material  parameter  was  neglected,  because  a 
temperature  rise  of  less  than  1°K  was  observed  for 
tbe  lead  case.  The  upper  part  in  figure  4  shows  the 
calculated  current  density  map  in  the  'heel*  of  tbe 
solder  joint,  while  the  lower  part  shows  the  same 
map  at  tbe  'tip*  of  it  Tbe  overall  trend  measured  in 
figure  2  agrees  with  this  calculations.  It  is 
important  to  remember  tbat  tbe  Peltier  thermal 
response  only  measures  the  current  density 
component  normal  to  tbe  metals  interface. 


Figure  5:  calculated  absolute  values  of  the 
component  of  the  current  density  normal  to  the 
interface  AB. 

The  sharp  structures  seen  around  position 
zero  in  the  calculations  are  not  reproduced  in  tbe 
measurements.  This  is  due  to  the  fact  that  our 
measurements  are  indirect,  we  measure  periodical 
thermal  expansion  consecutive  to  Peltier  energy 
exchange.  This  means  that  we  measure  an  average 
of  the  thermal  effect  over  the  diffusion  length  or 
tbe  thermal  wave.  This  produces  broadening  of  the 
structures.  We  plan  however  to  try  measurements 
at  higher  frequencies  where  the  diffusion  length  is 
shorter.  Besides  this,  the  agreement  is  very 
satisfactory  and  gives  confidence  in  the 
experimental  method. 


6.  CONCLUSION  AND  PERSPECTIVES. 

We  have  shown  that  the  measurements  of 
the  Peltier  thermal  expansion  upon  microsections 
of  metallic  assemblies,  like  solder  joints,  are 
capable  to  provide  current  density  profiles  along 
tbe  metals  interfaces.  This  new  technique  gives  a 
good  insight  upon  tbe  functionality  of  solder  joints. 
The  good  agreement  with  simulation  gives 
confidence  in  this  measuring  method.  The  main 
power  of  this  method  will  be  in  tbe  study  of  the 
evolution  of  the  current  density  map  during  thermal 
cycling  ageing  tests.  We  plan  to  explore  bow  tbe 
current  density  profiles  evolve  during  ageing  tests, 
the  study  will  be  particularly  interesting  in  the 
region  where  structural  changes  occur  (Refs  2,  3, 
4). 


b 

Figure  4:  calculated  current  density  map  inside  a 
section  of  the  solder  joint  presented  in  figure  3 
Map  a-  shows  "heel"  of  the  joint.  Map  b  ■  shows 
"tip"  of  the  joint. 
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Abstract :  The  therm  omechanical  stress  in  large  leaded  packages  submitted  to  thermal  cycling  were  studied,  from  both 
experimental  ageing  and  ANSYS  finite  elements  simulations.  A  degradation  law,  based  on  the  observation  of  the 
microstnicture  evolution  in  the  SnPbAg  solder  joint  was  derived  and  used  as  an  early  degradation  indicator. 


1.  INTRODUCTION 

Due  to  the  thermal  expansion  mismatch  between  the 
different  materials  of  the  electronic  assemblies,  cyclic 
thermal  loads  induce,  in  the  structures  and  specially  in 
the  solder  joints,  cyclic  stress  and  strain,  leading 
progressively  to  degradation  of  the  solder  alloy.  The 
major  failure  mechanism  is  caused  by  the  thermal 
expansion  mismatch  between  componants  and  PCB:  it 
leads  to  a  phenomenon  of  cumulative  fatigue  during  the 
cycles  in  the  solder  joints  (Ref.l).  On  the  other  hand, 
creep  generated  during  dwell  time  and  atmospheric 
oxydation  accelerate  the  apparition  and  the  propagation 
of  the  cracks  induced  (Ref.2).  In  specific  conditions, 
such  as  automotive  applications,  thermal  cycling  has 
become  one  of  the  main  causes  of  degradation  and  failure 
(Ref.3). 

In  order  to  define  the  regions  where  cracks  have 
appeared,  we  have  performed  thermal  cycling  tests  on 
electronics  assemblies.  The  samples  under  test  were  the 
following : 

components :  PQFP  100  A42  leads 
33,2  x  33,2  x  3,4  mm 
1mm  pitch 

substrate :  SMI  3mm  thick 

solder  material :  Sn62Pb36Ag2 
thermal  cycles : 

type  A :  lower  dwell  time :  10  min 
upper  dwell  time :  60  min 
-40/+150°C  and  -40/+125°C 
transition  time :  30s 
type  B :  lower  dwell  time :  10  min 

upper  dwell  time :  10  min 
-40/+150°C  and  -40/+125°C 

transition  time :  30s 


The  assembling  technology  used  in  this  study,  SMT,  is 
one  of  those  currently  found  in  automotive  electronic 
circuitry.  At  the  same  time,  the  thermal  cycling 
configuration  is  representative  of  typical  thermal  cycles 
produced  by  car  utilization. 

After  ageing,  degradations  were  always  observed  in  the 
upper  side  of  the  solder  joint  near  the  rear  curved  side  of 
die  lead.  Crack  initiation  begins  to  appear  between  400 
and  500  cycles  as  a  function  of  the  type  of  the  dwell 
time  (Ref.4),  and  after  a  while,  a  damaged  area  is 
observed  in  die  solder  material  near  the  lead  tip  (Fig.l). 


Fig.  1 :  damaged  solder  joint  after 
thermal  cycling  ageing 

All  these  degradations  are  first  observed  near  the  comers 
of  the  packages  (Ref.3).  This  zone  does  in  fact 
correspond  to  the  most  distant  point  from  the  centre  of 
the  assembly,  inducing  thus  the  highest  thermal 
expansion  mismatch  (Fig.2). 
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Fig.  2 :  cross-section  of  the  leads  along  a  half  side  of  a  PQFP  package 


2.  FINITE  ELEMENTS  SIMULATION 

In  order  to  determine  the  critical  areas  of  the  assemblies 
under  test,  we  performed  a  finite  element  simulation 
with  ANSYS  software  on  a  PQFP/SMI  assembly 
(Ref.4).  The  solder  behaviour  is  represented  by  a  stress- 
strain  relation  based  on  a  "bilinear  model'',  that  includes 
both  elastic  and  plastic  regimes  varying  with 
temperature.  These  simulations  were  2D  or  3D  type  and 
show  local  stressed  areas  in  the  solder  joint  (Fig.3); 
simultaneously,  maximum  stress,  strain  and  plastic 
work  per  unit  volume  were  evaluated.  The  reference 
temperature  was  25°C  and  the  highest  one  125°C. 


Fig.  3  :  3D  gull  wing  lead  simulation 


The  physical  constants  values  used  in  this  simulation  to 
characterize  the  materials  of  the  assembly  are  listed  in 
table  1. 


Material 

Young 

modulus 

(OPa) 

Poisson 

ratio 

Yield 

strength 

(MPa) 

CTE 

xlO'ty’C 

A42 

138 

0.30 

5.1 

PCB 

18 

13.5 

45 

29.1 

23 

A1 

70 

0.33 

24 

10 

0.25 

25 

Table.  1 :  Material  properties  of  the  assemblies 
understudy 


From  the  obtained  simulated  stress  map  (Ftg.4),  we  can 
observe  a  good  conespondance  between  the  highest 
stress  zones,  i.e.  near  the  curved  area  of  the  lead  in  the 
solder  and  near  the  lead  tip,  and  the  experimental 
observation  of  crack  initiation. 

Equivalent  suets 
(MPA) 


Ftg.4  :  simulation  of  stress  in  the  solder  joint  (PQFP 
on  SMI) 

The  curves  plotted  (Ftg.4)  show  the  calculated  stress 
along  three  different  cross-sections  of  the  solder,  in  the 
regions  where  cracks  are  observed  after  ageing. 

It  has  been  shown  that  in  the  critical  areas  of  the  solder 
joint,  the  calculated  stress  exceeds  the  tensile  strength, 
leading  to  plastic  strain. 


3.  MICROSTRUCTURAL  ANALYSIS 

As  the  main  physical  mechanisms,  which  lead  to 
degradation  of  the  solder  joint,  have  been  observed  in  the 
coarsened  Pb  phase  regions,  the  mean  size  of  Pb  grains 
seems  to  be  a  good  degradation  indicator,  sensitive 
enough  to  exhibit  local  stressed  areas.  Indeed,  the  study 
of  the  external  aspect  of  the  solder,  including  the 
possible  cracks  is  not  reliable  enough  and  often  too  late 
to  have  any  utility. 
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Fig.  5 :  SEM  cross-section  view  at a  PbSnAg  SMT  solder  joint 
(a)  initial  sample ;  (b)  aged  sample  after  1500  hours 
at  constant  temperature  (150°C) 


Fig.  6 :  SEM  cross-section  view  of  the  degradation 
along  the  intergranular  interface 

We  have  chosen  the  study  of  grain  coarsening  in  order 
to  establish  a  relation  between  solder  joints  life 
prediction  and  their  microstructural  evolution. 

During  thermal  cycling,  generation  of  cracks  results 
principally  in  cleaving  of  the  solder  material  along  the 
intergranular  interfaces  (Hg.6)  (Ref  J). 

As  for  the  other  metal  alloys,  the  mechanical 
characteristics  of  the  solder  material  depends  strongly  on 
the  grain  size  of  the  secondary  phase:  the  smaller  the 
mean  size,  the  higher  the  tensile  strength  limit  (Ref. 5). 
As  the  main  reason  for  cyclic  fatigue  is  due  to  the 
plastic  strain  per  cycle  (Coffin-Manson  law),  high 
tensile  strength  (small  Pb  precipitates)  will  decrease  the 
level  of  plastic  strain  (Ref.7).  Coarsening  phenomena, 
highly  accelerated  by  temperature  and  mechanical  stress 
concentration,  is  irreversible  and  stored  all  the 
constraints  submitted  by  the  solder  joint  during  the  past 
Before  cracks  generation,  an  initial  period  is  observed 
during  which  the  solder  material  stores  plastic  strain 
energy  without  microstructural  degradation  (cyclic 
fatigue  and  creep  only).  After  a  critical  time,  cracks 
appear  and  the  period  before  total  degradation  is  then 
very  short.  We  have  studied  grain  coarsening  in  samples 
under  constant  temperature  (Fig.5)  and  under  thermal 
cycling,  in  order  to  establish  a  law  relating  grain  size, 
time,  temperature  and  stress  level. 

The  experimental  analysis  has  been  performed  as 
following:  the  samples  have  been  cross-sectioned 
through  the  solder  joints.  After  polishing,  they  have 
been  observed  with  a  SEM  and  the  Pb  grains  population 
were  statistically  evaluated  by  the  use  of  a  CRYSTAL 


analyser.  The  analysed  region  was  localized  near  the 
curved  zone  of  the  lead  (highly  stressed  area  in  cycling 
conditions)  (Fig.8). 


3.1  Thermal  cycling  ageing 

In  order  to  exhibit  the  main  parameters  inducing  Pb 
grain  evotulion,  we  have  performed  ageing  at  constant 
temperature  and  after  that,  under  thermal  cycling.  During 
this  second  experiment,  die  assemblies  are  submitted  to 
both  temperature  and  mechanical  stress  (induced  by 
thermal  expansion  mismatch).  The  cycles  applied  to  the 
samples  were  of  A  and  B  types. 

We  have  considered  that  the  main  phenomenon  of 
coarsening  will  occur  at  upper  dwell  time  of  the  cycles 
and  in  the  highly  stressed  areas;  thus,  the  physical 
analysis  of  the  Pb  grain  has  been  localized  in  the  curved 
region  of  the  lead  (Fig.7). 


Fig.7 :  grain  coarsening  under  thermal  cycling 


So,  by  comparing  the  evolution  at  constant  temperature 
(150°C),  and  for  equivalent  cumulated  upper  dwell  time 
during  thermal  cycling  (Fig.8),  the  aggravating 
influence  of  the  thermomechanical  stress,  provided  by 
thermal  cycles,  appears  clearly  and  leads  to  a  higher 
increase  of  As  in  the  mean  grain  size  for  the  longest 
ageing  of  oar  test  (Ref. 3). 
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Pb  men  ue 
(Pm*) 


Fig.  8 :  constant  temperature  (1S0°C)  and  thermal 
cycling  (-40/  150°C)  grain  coarsening  evolution 
with  time,  showing  the  mechanical  stress  effects 


4.  PHASE  EVOLUTION  MODELLING 


4.1  Time  and  temperature  contribution 


The  dwell  time  influence  can  be  easily  confirmed  by  the 
curve  of  the  figure  9. 


Pb  mein  size 
(tun1) 

35-1 


0  loioo  20000  30(SoO  40&00  50&00  60&00  (min) 
Cumulated  upper  dwell  time  (N^) 

Fig.  9 :  Pb  grain  evolution  with  cumulated  upper 
temperature  dwell  time  (Tsup  *  150°C) 

If  we  report  to  the  results  in  figure  9,  where  the  grain 
increase  is  reported  as  a  function  of  cumulated  upper 
temperature  dwell  time  (N.tp)  for  the  two  types  (A  and 
B)  of  thermal  cycles,  a  continuous  curve  is  obtained, 
well  represented  by  a  time  square  root  evolution  as 
shown  by  the  following  equation : 

s(| im2)  =  0.1  (N.tp)0JI  +  Sg  PI 

where  SO  (-3. 8pm2)  is  the  mean  lead  surface  at  the 
beginning  of  the  experiment 
So,  as  expected,  the  mean  Pb  grain  size  evolution  is 
dependent  only  on  the  time  spent  at  the  upper 


•empenoue  and  follows  a  classical  diffusion  law  («  Vt ) 
in  the  solids. 

On  the  other  hand,  it  is  obvious  that  grain  coarsening  is 
also  temperature  activated.  From  the  two  different  upper 
temperatures  chosen  for  the  cycles  (125  and  1S0°C),  we 
can  deduce  an  estimation  of  the  activating  energy,  found 
to  be  around  0.45  eV;  this  value  is  in  agreement  with 
other  results  (Ref.l).  Finally,  the  temperature  and  time 
dependent  evolution  of  the  lead  domain  can  be 
represented  by : 

S  =  S0  +  Ae*p|i^j>/N^  PI 

where  N  is  the  number  of  cycles,  tp  the  upper 
dwell  time,  N.tp  the  cumulated  time  at  high  temperature 
and  T(Up  the  highest  temperature  of  the  cycle. 
The  numerical  evaluation  of  the  parameters  gives, 
Ea  »  0.41  eV,  A  «  8330  pm  2/ Vtnta ,  with 
So  *  3.8  pm2  measured  at  the  beginning  of  ageing  test 


4.2  Thermomechanical  stress  contribution 

It  is  well  known  that  the  fatigue  phenomenon  appears  as 
soon  as  the  solder  material  enters  plastic  strain.  To  take 
into  account  the  increase  of  grain  size  under  cycling 
condition  as  shown  in  figure  8,  we  have  introduced  a 
multiplier  factor  where  the  maximal  plastic  constraint  in 
the  solder  joint,  0(T),  is  represented  with  respect  to  its 
tensile  strength,  oi/t)  : 

JElT  [3] 

a  is  a  physical  constant  depending  on  the  sample  and 
determined  by  identification  with  experimental  curves 
(Fig-8). 

At  this  step  of  the  analysis,  it  must  be  highlighted  that 
the  local  plastic  strain  in  the  solder  can  be  only 
estimated  from  the  finite  elements  simulation. 

Hence,  we  have  established  the  following  law  far  grain 
coarsening  in  which  both  the  thermal  and  mechanical 
effects  are  considered : 


where  a  (-  5.24)  and  B  (-18400  pm2/vmin) 
corresponds  to  the  particular  case  of  our  samples 
configuration  and  experiment  conditions. 
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5.  LIFE  PREDICTION 

The  preceding  study  has  highlighted  the  strong 
dependency  of  grain  coarsening  on  temperature,  time  of 
ageing,  and  maximal  stress  level:  under  thermal 
cycling,  the  time  of  ageing  is  equivalent  to  the 
cumulated  time  spent  at  the  upper  temperature.  From  a 
general  point  of  view,  the  mechanical  studies  of  the 
alloys  showing  a  strong  dependency  of  the  ultimate 
strength  value  on  the  mictostructural  characteristics,  it 
can  be  considered  that,  for  a  typical  thermal  cycle,  a 
local  maximal  stress  will  correspond  to  a  critical  phase 
size  for  which  the  probability  of  cracks  initiation  is 
high.  The  previous  study  clearly  shows  a  relation 
between  number  of  cycles  and  Pb  phase  size  evolution. 
Thus,  a  relation  between  the  maximum  Pb  domains 
size  and  the  probability  of  cracks  initiation  should  lead 
to  a  life  prediction  probability  as  a  function  of  the 
number  of  cycles. 

Up  to  now,  only  experimental  observation  has  been 
available  to  determine  micro-cracks  initiation  around  the 
lead  domains. 


Pb  mean  size 


0  500  1000  (cycles) 

Cumulated  upper  dwell  time  (N.t^ 
number  of  cycles 

Fig.  10 :  Pb  grain  size  evolution  for  a  typical  thermal 
cycling  in  function  of  die  cumulated 
dwell  time  or  the  number  of  cycles 

As  an  example,  from  equation  [4]  we  have  represented 
(Fig.10)  the  evolution  law  of  Pb  domains  size  as  a 
function  of  the  cumulated  upper  dwell  time,  for  different 
maximum  temperatures.  If  we  consider  the  evolution  for 
Tsup=150°C.  the  physical  analysis  of  the  samples  under 
test  (upper  dwell  lime=lhour)  has  shown  a  cracks 
initiation  for  400/500  cycles;  it  corresponds  to  a 
cumulated  dwell  time  of  24000/30000  min  and  therefore 
a  critical  Pb  size  about  30|jm2.  This  value  corresponds 
well  with  the  observed  mean  size  of  lead  domains  at  the 
cracks  initiation.  The  definition  of  the  critical  size,  as  a 
function  of  a  maximal  stress  corresponding  to  a  precise 
upper  temperature  of  a  cycle,  could  give  a  good 
prediction  of  life  of  an  assembly  under  this  cycle. 


6.  DISCUSSION 

It  has  been  evidenced  that  Pb  grain  coarsening  is 
strongly  dependent  on  the  main  parameters  influencing 


the  solder  joint  degradation  (temperature,  time,  cyclic 
plastic  strain).  Hence,  a  simple  microsection  of  an  aged 
sample  with  a  micros tructural  analysis  can  easily  show 
the  level  of  cumulated  plastic  fatigue  in  the  solder  joint. 
The  analysis  of  the  spatial  distribution  of  this 
phenomenon  can  also  provide  information  on  the  type 
of  stress  undergone  by  the  sample  nd  on  the  preferential 
crack  initiation  zooes.  As  expected,  the  mean  size  of  Pb 
grains  works  as  a  good  indicator  of  stored  plastic  Drain 
and  thus,  of  the  state  of  fatigue  in  the  maieriaL 
In  order  to  optimize  the  assemblies  with  respect  to  their 
ability  to  bear  a  high  number  of  thermal  cycles,  many 
approaches  are  possible.  Firstly,  a  reduction  of  the 
mechanical  stress  induced  in  the  solder  joint  can  be 
obtained  by  an  optimization  of  the  geometrical 
characteristics  and  of  the  physical  properties  of  the 
materials:  smaller  packages  and  minimal  thermal 
expansion  mismatch  between  PCB  and  package 
(Tabled)  will  induce  lower  constraints  in  the  solder 
joint  On  the  other  hand,  reduction  of  lead  stiffness 
(material,  geometry)  can  strongly  decrease  the  cyclic 
plastic  strain  of  the  solder  alloy  during  the  thermal 
cycle. 


Package /PCB 

ACTE 

iovc 

plastic  /  A1203 

19 

ai2o3/ai 

18 

plastic  /  epoxy 

11.4 

A1,0,  /  epoxy 

7.b 

Plastic  /  AI 

1 

Table  2  :  Typical  assembly  mismatch 


The  Pb  mean  size  increasing  during  the  ageing  time,  it 
should  tv.  also  interesting  to  obtain  the  miniral  size  of 
the  Pb  precipitates  just  after  the  assembly  process.  In 
order  to  reduce  the  main  size  of  Pb  grains  after  reflow, 
we  performed  different  types  of  processes  corresponding 
to  three  different  cooling  times  (Fig.ll).  This  operation 
was  performed  with  components  of  type  DIL  16 
Gullwing  leads  on  FR4  board.  The  different  profiles  are 
shown : 


of  die  effect  on  grain  size 
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After  reflow,  the  different  simples  were  analysed  and  we 
obtained  the  following  results  for  the  mean  size  of  the 
Pb  precipitates. 

long  time  cooling  :  1.5pm2 
normal  cooling :  lpm2 
hut  cooling :  0.5pm2 

The  results  obtained  in  figure  (11)  show  that  a  fast 
cooling  period  at  the  end  of  the  reflow  process  could 
reduce  the  Pb  grain  size  and  hence  increase  the  life  time 
of  the  assembly  under  thermal  cycling. 


7.  CONCLUSION 

We  have  proposed  a  microstructural  evolution  law  based 
on  lead  domain  coarsening  of  a  SnPbAg  solder 
submitted  to  thermal  cycling.  The  Pb  domain  size  is 
increased  under  the  joined  influences  of  temperature,  the 
number  of  cycles,  through  the  upper  temperature 
cumulated  dwell  time,  and  the  stress  incursion  above  the 
tensile  strength.  Due  to  the  fact  that  the  maximum 
strain  is  deduced  from  simulation  only,  the  relation 
between  grain  coarsening  and  the  numbs  of  cycles  can 
only  be  used  as  an  approximate  basis  to  describe  the  lead 
domain  behaviour,  life  prediction  or  the  determination 
of  number  of  cycles  in  operation  needs  to  correlate  to 
the  domains  size  with  the  cracks  initiation.  This  has 
only  been  possible,  up  to  now,  by  direct  observation  of 
solder  cross-section.  Note  that,  in  any  case,  a  statistical 
incertitude  of  the  failure  time  is  always  provided  by  the 
distribution  of  the  lead  domain  size,  either  in  a  given 
solder  joint  or  bom  one  joint  to  another. 

The  following  part  of  the  study  will  deal  with  the 
establishment  of  a  law  relating  grain  size  and  the  actual 
ultimate  strength  value  of  the  solder  material  in  order  to 
estimate  the  time  before  crack  generation  with  a  good 
confidence  level. 
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ABSTRACT 

We  present  in  this  paper  results  of  long  duration 
temperature  and  humidity  tests  made  on  standard  plastic 
devices. 

Alter  a  description  of  the  test  sequence  and  the 
population  put  in  test  we  present,  and  analyse  the  results 
in  term  of  failure  proportions,  failure  modes... 

We  summarize  in  conclusion  the  results  of  the  analysis 
about: 

-  failure  modes  evolution  Grom  88  to  93 

-  correlation  between  HAST  and  PCT 

-  'set  up  of  a  duration  and  severity  for  a  long  term  HAST 
and  PCT  test 

1.  INTRODUCTION 

This  study  is  a  part  of  Plastic  Components  Program 
supported  by  DGA/STEI,  and  others  industrials,  which 
aim  is  to  allow  the  use  of  plastic  encapsulated  devices  in 
military  equipments.  It  is  a  part  of  a  work  done  to  set  up 
a  duration  for  sequential  tests,  used  in  a  standard  project 
"Specification  for  qualification  of  plastic  devices  in 
severe  environment". 

Z  PRESENTATION  OF  THE  TEST  VEHICLES 
AND  ENVIRONMENT  TESTS 

Plastic  encapsulated  products  can  be  very  sensitive  to 
ambient  humidity,  temperature  and  thermomechanical 
stresses.  So  we  developped  sequential  tests  in  order  to 
simulate  the  most  severe  stresses  applied  on  a  SMD 
during  its  whole  lifetime  (synoptic  I).  The  synoptic  of 
the  sequential  tests  is  as  follow : 


Different  package  families  PLCC,  SO,  SOI,  SOT. 
SSOP,  PQFP,  TSOP,  TO220  from  different 
manufacturers  were  put  in  test  representing  a  wide  range 
of  functions  like  memories,  logic  ICs,  ASICs,  micros, 
transistors  and  so  on. 

To  do  that,  a  large  number  of  components  (about  8000) 
were  tested  in  three  periods  of  time  (see  fig  1,2,3)  : 
the  first  one  :  date  codes  88/89 
the  second  one :  date  codes  90/91 
and  the  last  one :  date  codes  92/93. 

As  it  can  be  seen  in  these  figures,  the  proportion  of 
plastic  devices  in  HAST  is  more  important  than  in  PCT, 
this  disparity  comes  from  the  fact  that  there  was  not 
systematically  PCT  made  on  devices  on  date  codes  88 
and  89.  The  choice  of  devices  in  test  and  tests  applied  is 
directly  linked  to  the  interest  of  THOMSON-CSF 
equipments  applications,  thus  explaining  the  large 
variety  of  plastic  devices  families,  and  unequal 
quantities  put  in  tests. 

3.  DEFINITIONS 

The  classification  used  in  this  paper  is : 

3.1  Package  classification 

Package  families  are  :  PLCC,  SO,  SO),  PQFP,  TSOP, 
SSOP  and  for  the  following  ones,  a  technology 
groupment  is  done  :  TO220  (and  DPAK),  SOT23  (and 
SOT223),  SOT89  (and  SOT323). 

3.2  Function  classification 

For  the  same  reasons  as  above,  we  consider  the 
following  distribution  :  transistor  (small  signal  and 
power),  DAC  (and  CAD),  PAL  (and  GAL),  FPGA  (and 
EPLD),  PROM  (and  EPROM,  OTPROM),  SRAM, 
ASIC,  microprocessor,  linear,  logic.  Driver,  resistance. 

3.3  Electrical  failure  modes 

OC  *  Open  circuit  and  SC  » short  circuit 

FD  «  Functional  defect :  an  important  derive  of  an  entry 

parameter  cause  the  non  functionality  of  tire  circuit 

PD  -  Parametric  defect :  one  or  more  parameter  is  out 

of  die  specification  (whenever  fee  circuit  is  functional). 

LC  -  Leakage  current :  leakage  current  out  of  sanction 

causing  an  important  bias  current 

MC  »  Memory  content :  memory  source  content  lost  or 

changed. 

NT -Non  tested 
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EOS  =  Failure  of  the  circuit  caused  by  an  electrical 
constraint :  flash  of  metallization,  dielectric  breakdown. 
NC  =  defect  non  confirmed 
UK  =  Unknown 


CO  =  Corrosion  of  metallizations  on  aluminium  lines  or 
pads  by  electrochemical  way  (HAST)  or  galvanic  way 
(HAST  and  PCT). 

IM  =  Intermetallic  :  degradation  of  Au-AI  interface 
caused  by  temperature  or  humidity  or  both.  The  Au-AI 
phase  is  modified  and  electrical  and  mechanical 
characteristics  are  degradated. 

H20  =  Moisture  penetration  H20  :  this  physical  defect 
is  defined  by  an  absence  of  corrosion,  intermetallic 
degradation,  or  other  visible  failure  and  an  electrical 
failure  that  sometimes  disappears  after  at  12S°C/24hrs 
storage.  This  mechanism  is  caused  by  ion  contamination 
though  resin  or  resin  lead  frame  interface  (see  picture  I 
and  2). 

FE  =  Front-End  :  Weakness  passivation  on  front-end 
process,  allowing  moisture  penetration  (see  picture  3). 
RE  =  Report :  failure  of  the  device  report  on  PCB. 

BO  =  Bonding  :  failure  of  the  assembly  process,  in 
front-end  process  (see  picture  4). 

OX  =  Oxide  :  pinholes  defects  in  oxide. 

PC  =  Pop  Com  :  cracks  in  the  resin  after  report  phase 
(see  picture  5) 

NA  =  Non  analyzed. 

NC  =  Unconfirmed  failure. 

UK  =  Unknown. 


SEM  view  of  cracks  in  the  passivation  of  a 
TO  220  plastic  device. 


Picture  5 

SEM  view  of  cracks  in  the  resin  after 
report  phase  on  a  SOT  23  :  POP  CORN  effect 


4.  ANALYSIS  OF  RESULTS 


We  consider  first  the  failure  proportions  in  HAST  and 
PCT  (fig  4  and  5).  For  HAST,  the  total  failure 
percentage  is  stable  and  possibly  decreases  with  year  of 
manufacturing  (drop  from  12%  in  90-91  to  6%  in  92- 
93). 

In  PCT,  we  observe  an  increase  of  failure  proportion 
from  15%  in  88-89  to  26%  in  92-93  that  is  a  reverse 
evolution  comparing  to  HAST  and  the  common  opinion 
that  reliability  of  components  in  accelerated  test 
increases  with  year  of  manufacturing.  We  propose  later 
an  explanation. 


For  packages,  TSOP  and  SOJ  have  the  higher  failure 
proportion  in  HAST ;  mainly  because  they  are  dedicated 
to  specific  functions  (PROM  and  SRAM)  sensitive  to 
HAST  test  (cf  fig  9  and  $  4.3)  and  effects  of  charge 
trapping.  But  the  general  proportion  of  defects  is  quite 
low  and  in  term  of  distribution  among  all  package 
families  (fig  7),  there  is  no  evident  trend.  Sensitive 
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packages  in  PCT  are  SO  (logic  families)  and  TO220  (fig 
8  and  10).  Effect  of  de laminations  or  corrosion  in  these 
particular  cases  is  predominant  (see  the  picture  6  below 
as  example). 


Picture  6 

SEM  view  of  a  pad  cross  section  showing 
resin/die  delaminaton  on  a  SO  plastic  device. 


On  the  other  hand,  we  can  also  see  the  influence  of  the 
diffusion  location  for  example  on  SO  packages  (see 
fig  6).  Concerning  the  high  proportion  of  failures  for 
recent  manufacturing,  we  can  explain  it  with  the  failure 
rate  of  TO220  devices. 

Indeed,  a  noticeable  part  of  date  codes  92-93  is  formed 
by  TO220  on  this  file  test,  that  is  particularly  sensitive 
in  fig.  5  bis,  we  have  the  failure  proportion  of  non 
TO220  package  :  that  is  stabilized  around  1 5%. 

Thus  we  conclude  that  behaviour  in  PCT  is  related  with 
package  integrity.  PCT  is  a  package  sensitive  test. 
Therefore  we  see  that  PCT  has  a  selective  severity  on 
some  functions  or  packages.  It  is  also  important  to 
notice  that  there  is  non  direct  relation  between  package 
complexity  or  size  and  resistance  to  HAST  and  PCT 
test. 

4.3  Functions  sensitivity 

In  term  of  functions,  the  most  critical  ones  in  PCT  are 
FPGA,  logic  transistor  and  linear  (in  accordance  with 
sensitivity  of  TO220  and  SO  packages  (see  fig  12  and 
14)  for  die  three  last  families.  The  presence  of  FPGA  is 
due  to  the  fact  that  test  had  been  made  on  few  products, 


including  a  sensitive  one,  that  had  an  influence  on 
statistics. 

In  HAST,  we  find  four  families  :  logic,  PROM, 
microprocessor  and  SRAM.  The  analysis  of  failure 
modes  gives  an  explanation  to  this  fact. 

4.4  Failure  modes 

Different  behaviours  are  observed  in  HAST  and  PCT  : 
great  variety  of  modes  (electrical  and  physical)  in  HAST 
(cf  fig  13  and  16),  with  no  preponderant  mode.  The 
most  important  physical  failure  mode  in  HAST  is 
moisture  penetration,  not  corrosion.  When  we  consider 
the  function  associated  with  this  failure  mode,  three  of 
these  are  sensitive  to  moisture  penetration  on 
passivation  layers  (especially  EPROM)  (fig  1 1  and  13). 
HAST  is  a  "function  sensitive”  test. 

In  PCT,  open  circuits  related  with  corrosion  represent 
around  70%  of  failures  (cf  fig  17  and  18).  We  have  here 
a  complementarity  of  HAST  and  PCT  in  term  of  failure 
modes  :  when  we  consider  the  sum  of  failure  modes 
observed  in  HAST  and  PCT,  we  have  the  three  main 
modes  related  with  moisture  effect  on  packaging  : 
corrosion,  moisture  contamination,  intermetallics 
degradation. 

4.5  Evolution  of  failure  modes  with  date-codes 

In  HAST,  we  have  a  continuous  improvement  in  term  of 
resistance  to  corrosion  (fig  19).  Corrosion  does  not 
occur  anymore  on  92-93  date  codes.  Effect  of  H20 
penetration  failures  increases,  in  relation  with  the 
increasing  complexity  (memories,  FPGA,  EPLD...). 

In  PCT,  there  is  no  major  evolution  yet.  The  corrosion 
failure  slightly  regressing.  Intermetallics  degradation  is 
quite  now  equal  to  zero  (fig  20). 

Moreover  failures  probably  linked  to  new  functions  like 
EPROM  appear  (H20  penetration). 

4.6  Sst  up  of  a  qualification  target 

Depending  of  the  criticity  of  the  device,  and  of  the 
hardness  of  environment,  the  requirement  for  plastic 
devices  in  military  equipment  has  to  be  a  failure  rate  in 
the  range  of  10  to  200  10'^/X,  and  a  lifetime  with  no 
wearout  in  the  range  of  10  to  20  years.  As  the 
experience  gained  by  field  return  analysis  needs  still  a 
few  years  to  be  significant.  We  rely  on  long  term 
accelerated  test  to  demonstrate  (theorically)  these 
figures.  Thus,  we  fixed  as  a  primary  target,  by 
calculations  based  on  theorical  acceleration  laws : 

-  500  hrs  sequential  HAST  130*785%,  1  failure  max. 
and 

-  500  hrs  sequential  PCT  121*7100%,  1  failure  max. 
Although  these  severity  are  completely  beyond  the  limits 
of  traditional  "reliability”  tests  mode  by  manufacturer, 
the  majority  of  components  succeed  to  reach  it. 

However  after  analysis  of  failure  modes,  we  think  that  it 
is  difficult  to  go  beyond  this  limit  for  back-end 
qualification  es*pecialty  because  of  wearout  apparition 
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on  some  packages  (TO220  in  PCT  and  maybe  some 
functions  (PROM  in  HAST). 


S.  CONCLUSION 
3.1  Failure  inodes  evolution 

The  results  confirm  the  improvement  of  plastic  devices 
resistance  to  corrosion  including  intermetallics,  at  the 
exception  of  power  packages.  But  we  notice  also  an 
increasing  of  sensitivity  to  moisture  penetration  in 
passivation  layers  and  oxides,  es'peciaily  for  PROM  in 
HAST  test 

Thus  the  global  proportion  of  failures  of  the  whole 
population  of  products  in  HAST  and  PCT  at  300  hrs  is  a 
constant,  from  1988  to  1993  (around  13%). 

52  HAST  and  PCT  correlation 

Concerning  die  sequential  tests,  no  correlation  between 
HAST  and  PCT  results  appear.  In  fact,  they  are 
complementary  each  of  diem  adressing  different  failure 
modes.  Mixing  the  failure  modes  observed  in  HAST  and 
PCT  gives  all  the  modes  that  can  be  potentially  found  in 
real  moist  environment. 

The  results  confirm  the  realism  of  duration  and  severity 
set  up  in  the  standard  project  to  qualify  plastic  ICs  in 
rugged  environment  see  synoptic  1  .However  an 
adaptation  has  to  be  made  for  power  packages  (incl. 
TO220  and  DPAK),  because  of  their  sensitivity  to  long 
term  PCT. 
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SUMMARY 

Production  of  mlcroelactronlc  devices  encapsulated  In  solid, 
molded  plastic  packages  has  rapidly  Increased  sine*  the  early 
1980a.  Today,  rrfHlons  of  plastio-eneapeulated  devices  are 
produced  daily.  On  the  other  hand,  only  a  few  million  hermetic 
(cavity)  packages  (Figure  1)  are  produced  per  year.  Reasons  for 
the  increased  use  of  plastic-encapsulated  packages  include  cost, 
svsllabtuty,  size,  weight,  quality,  and  retishiiity.  Markets  taking 
advantage  of  this  technology  range  from  computers  and 
telecommunications  to  automotive  uses.  Yet,  several  industries, 
the  mllitaiy  In  particular,  will  not  accept  such  devices.  One  reason 
for  this  reluctance  to  use  the  best  available  commercial  parts  Is  a 
perceived  risk  of  poor  reliability,  derived  from  antiquated  military 
specifications,  standards,  and  handbooks;  other  common 
Justifications  cite  differing  environments;  Inadequate  screens; 
Inadequate  test  data,  and  required  government  audits  of  suppliers' 
processes. 

This  paper  describes  failure  mechanisms  associated  with  plastic 
encapsulation  and  their  elimination.  It  provides  data  indicating  the 
relative  reliability  of  cavity  and  solid-encapsulated  packaging,  and 
presents  possible  approaches  to  assuring  quality  and  reliability  In 
procuring  and  applying  this  successful  commercial  technology. 

1.  INTRODUCTION 

Plastic-encapsulated  microcircuits  (PEMs)  have  been  used 
primarily  In  commercial,  industrial,  automotive,  and 
telecommunications  electronics.  Consequently,  they  have  a  large 
manufacturing  base.  With  their  major  advantages  in  cgst,  size, 
weight;  performance;  end  near-instant  availabifity,  plastic  packages 
have  attracted  widespread  attention  for  government  snd  military 
applications.  Although  this  is  a  major  opportunity  for  PEMs,  they 
have  met  formidable  chalenges  in  adapting  to  the  high-refiability 
demands  of  these  markets.  While  the  major  Impediment  to  PEM 
application  has  been  a  perception  of  lower  rekabiiity,  problems  also 
arise  as  a  result  of  the  mMUr/i  smafi  procurement  and  production 
volumes,  the  predominance  of  manual  package-assembly 
operations  used  by  mfiBary  suppliers,  and  the  Manse  department's 
outdated  standards  and  handbooks. 

Some  of  the  first  semiconductor  devices  were  encapsulated  In 
plastic.  These  early  devices  used  molding  compounds  plagued  by 
thermal  kitermMeoce  problems.1  Because  of  the  difference  in  the 

coefficients  of  thermal  expansion  (CTE)  of  the  bond  wires  and  the 
encapsulant,  these  devices  exhibited  open-circuit  faSures  at  the 
bond  pads  at  temperatures  above -100°C.  As  temperatures 
decreased,  compressive  forces  restored  the  contact  of  wire  to  bond 
pad.  Moisture-Induced  return*,  ike  corrosion,  cracking,  fracture 
and  Metfadal  delamination,  were  also  significant  *.  This  problem 
has  been  largely  resolved;  testing  at  85°C/85%  relative  humidfiy  M 
1974  produced  ?S%  cumulative  failures  at  1,000  hours,  compared 
with  0.1  ki  1990s-  The  nearly  exclusive  use  of  hermMcaly  sealed 
mieroeireuEs  in  mMary,  eerospece,  end  other  Ngh-ralabtty,  Wgh- 
crtfiesEty  applications  is  i  (Erect  result  of  the  problem*  associated 
wfih  early  plastic  packaging. 


The  decade  of  the  19S0*  brought  revolutionary  chargee  in 
eiectronica  technology  In  general,  and  In  plastic  packaging  In 
particular.  Eatiar  piaaUo-  encapsulated  MnsMors  and  diodas 
were  fabricated  by  dMpansMg  a  sma»  amount  of  room-temperature 
vulcanizing  sMcon*  or  tlexlbi*  epoxy  material  over  the  die  end 
bond  wires  (glob-topping).  Later,  various  molding  techniques  were 

RWnpsMf  tOCHJuttQ  tnniMii  SflQ  pOUHlJ.  nUfbOTMS  Of 

variations  ki  epoxy,  silicon*,  and  phenolic  matertais  were 
evaluated  for  com,  performance,  implementation,  shelf  life, 
repeatability.  flammabEKy,  and  rsEabEEy.  Also  evaluated  were 
various  addSives  tor  heat  removal,  adhesion,  viscosity,  mold 
release,  llama  retardation,  end  appearance.  Protecting  the  die 
surface  prior  to  molding  by  coating  k  with  skicon*  elastomers, 
varnish,  or  spun-on  glass  (SOG)  was  a  popular  procedure.  To 
reduce  voiding  between  encapsulant  and  package  leads,  silicone 
rosin  was  thread  into  these  voids  under  a  vacuum,  a  process 
known  as  "beck  Mng* 

The  progressive  Improvement  In  plastic  packaging  Integrity  has 
been  ertectad  by  Improved  materials,  increased  plastic  purity,  high- 
quality  device  passivation,  Improved  lead  frame  designs,  and 
manufacturers'  quafity  programs.  In  general,  the  failure  rate  of 
plastic  packages  has  decreased  from  afaoul  100  failures  per  million 
device  hour*  in  1978  to  about  005  per  mition  device  hours  in 
1990*.  Hermetic  cavEy  packaging  does  not  appear  to  have  kept 
up  with  these  advanced  requksmentt  ki  eilher  performance  or 
cost,  as  is  obvious  from  the  curve*  ki  Figure  2;  worldwide  sales  of 
commercial  microcircuk*  in  1985  are  projected  to  bo  J100B. 

Military  sales  projections  are  down  to  $1.68,  a  decrease  to  1.5%  of 
the  total  market  share  from  a  high  of  16%  in  197S. 

2.  ADVANTAGES  OF  PLASTIC  PACKAGING 

2,1  Pwfofmarxa 

A  plastic  package  has  advantages  of  light  weight  and  small  size, 
compered  with  Its  ceramic  counterpart;  commercial  plastic 
packages  generally  weigh  about  half  as  much  as  ceramic 
packages.  A  14-iead  plastic  dual  In-line  package  (DIP),  for 
example,  weigh*  about  one  gram,  venue  two  grams  for  a  14-iead 
ceramic  DIP.  Although  there  is  Uttle  difference  in  size  between 
plastic  and  ceramic  DIPS,  smarter  configurations,  such  as  small- 
outfine  packages  (SOPs)  are  only  available  In  plastic.  These  small 
packages  ratuE  ki  higher  packing  denstty  and  shorter  propagation 
delays.  At  tta  printed  dreuE  board  level,  the  us*  of  SOPs  afiows 
smefier. fewer, end Ngher-perfommg dreu* board*.  Figures 
Ruabates  the  impact  plastic  encapsulation  Is  having  on  microcircuit 
assembly  end  packaging.  Today,  72%  of  ICs  are  produced  by 
sutfisea-mount  technology  (SMT)— non-cavity  assemblies.  With 
the  Introduction  ofbeE  grid  arrays  (BGAs).  the  percentage  of  SMT 
packages  is  projected  to  incraas*  significantly. 

22  Cost 

The  cost  of  s  packaged  aleclrpntc  pert  Is  determined  by  severs) 
major  factors:  (fie,  package,  volume,  size,  assembly  and  assembly 
yisid,  screening,  pra-bum-in  and  ts  yield,  bum-in,  final  teat  and  ks 
ytskt,  snd  the  specified  gueSflcsdon  test  Became  morn  than  90% 
of  the  1C  market  Is  ptestle-peckeged,  cod  has  bean  lowered  by 
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automated  volume  manufacturing  and  tow  off-shore  labor 
expenses.  Hermetic  package*  am  usually  fabricated  using  mom 
expensive  materials  and  labor-intensive  manual  manufacturing 
processes  (JAN  mattery  requirements  In  ttsa  past  speeded  on¬ 
shore  manufacturing).  Moreover,  there  la  Me  coal  difference 
between  plastic  surface-mount  components  and  plastic  DIPS, 
whereas  ceramic  surtacs-mount  components  are  more  expansive 
than  ceramic  OtPs.  Thomson  ■  CSF  reports  a  43%  purchase  coat 
reduction  tar  each  of  twelve  printed  drcuK  boards  (PC8s)  In  a 
manpaefc  transceiver  appMoMion  Implemented  wkh  Pads  rather 
Sian  ceramic  components  *. 

It  may  be  argued  Stat  hermeticafiy  packaged  ICs  may  oost  up  to 
ten  times  more  than  plastic-packaged  ICs  because  of  the  rigorous 
testing  and  screening  rsquirsd  by  the  user  for  hermetic  partsr. 
However.  EL£EC7  estimated  that  plastic  ICs  cost  12%  toss  than 
their  hermetic  counterparts  whan  both  types  were  screened  to 
customer  requirements. 

High  yields  and  tow  assembly  costs  are  achieved  with  plastic- 
packaged  parts  because  Stey  lend  themselves  wed  to  automatic 
assembly  techniques,  thereby  eSminaUng  manual  handling  and 
operator  error.  On  the  other  hand,  automated  ptck-and-ptaca 
machines  reportedly  can  crack  hermetic  seals  or  chip  the  package. 
Moreover,  costs  of  PEMs  become  tower  with  a  higher  level  of 
Integration  and  higher  pin-count  devices,  because  of  the  high  price 
of  the  die  In  rotation  to  the  total  cost  of  the  packaged  device. 

While  these  battens  may  not  be  realized  tor  complex  monoMhic 
VLSIs,  greet  cost  advantages  may  accrue  for  complex  package 
styles,  such  as  muMcWp  modules. 

The  price  per  part  to  the  user  wU  Include  the  above  coats,  and  a 
significant  price  adder  for  the  miiftary.  This  adder,  a  buBMn  tod  for 
the  military  market.  Includes:  the  cost  of  the  suppaer's  mtotary 
Infrastructure;  with  the  absence  of  competition,  price  «4i  be  vmat 
the  market  will  bear  and  a  need  for  a  favorable  profit  margin. 

2.3  AvafiabiHtv 

Plastic-encapsulated  microcircuit  part  types  are  much  more 
available  than  hermetic  devices.  First,  because  non-cavity  plastic 
devices  are  assembled  and  packaged  on  continuous  production 
Unas,  as  opposed  to  the  on-damand  production  of  hermetic  parts, 
acquisition  lead  times  are  significantly  shorter  and  problems 
associated  wfih  the  restart  of  a  hermetic  fine  era  not  encountered. 
Second,  some  parts  ate  simply  not  available  from  major 
manufacturers  in  cavity  form.  Most  designs  are  developed  first  as 
plastic-encapsulated  microcircuits.  Suppers  estimate  that,  el  any 
given  time.  30%  more  part  functions  ate  available  In  plastic  than  in 
ceramic.  Hermetic  packages  are  developed  only  In  response  to 
sufficient  market  Interest,  performance  requirements,  and  cost 
benefits;  the  military,  the  major  purchaser  of  hermetic  parts,  has 
become  a  small  portion  of  the  total  electronics  market.  With  the 
currant  technology  transition  toward  SMTs,  interest  in  ceramic 
devices  has  lagged  In  the  market,  making  adaptation  of  plastic  ICs 
to  military  applications  more  critical. 

2.4  RettotHMv 

The  refiabtoty  gap  between  cavity-packaged  devices  and  sofid 
PEMs  has  decreased  in  the  last  decade.  Figure  4  summaries 
published  improvements  In  plastic  encapsulated  microdreult 
refiabfifiy  since  1978'-  Two  major  contributions  to  this  trend  are 
encapsulating  materials  and  passivation.  Modem  encapsulating 
materials  have  low  Ionic  impurities,  good  adhesion  to  other 
packaging  materials,  a  high  glass  transition  temperature,  high 
thermal  conducthrily,  and  CTEs  matched  to  both  dto  and 
toadftame.  Advances  In  passivation  Include  bettor  adhesion  to  the 
die,  fewer  pinholes  or  cracks,  tow  tonic  Impurity,  tow  moisture 
absorption,  CTEs  better  matched  to  substrates,  and  the  use  of  such 
techniques  as  spun-on  glia. 

Figure  S  presorts  comparative  fafiure-mte  data  between  ig7a  and 
1990  of  plastic-encapsulated  microelectronics  and  hsrmsticafiy 
packaged  devices  from  t  commercial  source®-  The  database  tor 
this  figure  is  from  flret-year  warranty  Information  on  oommerctot 
equipment  operating  primarily  In  ground  baaed  eppicettons  (omoe, 
laboratory,  and  transportable  equipment  theee  faaure  ratoe  are  for 
the  same  part  (or  part  function)  overtime.  As  Figure  5  shows, 
during  this  parted  both  types  of  packaged  dsvtces  Improved  more 


than  en  order  of  magnitude  In  eariy-ttto  falure  rate.  ForPEMs.the 
currant  value  for  this  type  of  refiabtoty  Is  -  0.02/10®  hours  or  20 
FIT.  However.  It  should  bo  noted  that  the  use  onvtrenmont  Is  not 
precisely  known  for  ether  type  of  device  and  data  cannot  be 
Mated  to  the  package  wthout  knowing  the  changes  In  dto 
reiebtoty  during  the  period. 

To  compare  common  device  types,  Condra,  at  el*  tested  the  tame 
mature  custom  bipolar  ic  In  both  plasUc  (commercial  pari)  and 
hermetic  ceramic  DIP  (mattery  part)  versions  on  twelve  drcua-card 
asesmbfiss  They  ran  1,000  temperature  cycles,  from  -55°  to 
♦fi5°C,  to  compare  the  functional  reiebdily  of  the  two  types  of 
packages  No  differences  ware  observed  In  any  of  the  twenty-six 
measured  parametric  values.  They  than  added  these  peris  to  an 
untested  group  of  eboute  hundred  of  the  seme  devices,  half  ptosbc 
end  half  hermetic.  In  another  oat  of  circuit-card  assemblies,  along 
w*h  an  older  discrete  vanton  of  the  card  as  a  control,  as  these 
were  subjected  to  t.OOOhre.  of  fiS°C/«S%  rotative  humidity 
condition  wkh  28  volts  of  intermittent  bias  (30m  on.  30m  off).  The 
previously  thormoBy  cyctod  ports  (both  coramlc  and  plastic)  could 
only  be  tested  up  to  650  hr*.  before  faiting.  Among  the  new  group, 
no  tenures  of  otthor  type  of  component  were  observed. 
Conservative  Btetime  estimates  for  both  package  types  in  avionic 
applications  were  weS  over  thirteen  years,  even  for  combined 
severe  testing. 

The  big  question  Is  why  DoO  Isn't  taking  advantage  of  this  superior 
technology  end  reaping  the  same  benefits  as  the  rest  of  did 
Industry.  The  answer  tea  in  history  and  tradition.  In  the  19S0s. 
rekabaky  and  quality  issues  plagued  the  new  electronic  device 
caked  the  integrated  dreufi.  Government  documents  were 
subsequently  generated  to  regulate  ICs  because  mflkary 
epptlcaUons  ware  the  driver  for  these  products.  These  documents 
included: 

a  1962:  MIL-HDBK-217.  Mtliury  Handbook  on  Reliability 
Prediction  of  Electronic  Equipment; 

•  1963;  MIL-STD-454  (Requirement  64-Microelectronic 
Devices),  General  Requirements  for  Electronic  Equipment; 

a  1963;  MIL-STO-781.  Refiabfilty  Testing  for  Engineering 
Development.  Qualification  and  Production; 
a  1963;  MIL-STD-785.  Reliability  Program  for  Systems  and 
Equipment  Development  and  Production; 

•  1968:  MiL-STD-883.  Test  Methods  and  Procedures  for 
Microelectronics; 

•  1969:  MIL-M-38510.  General  Specification  for  Microcircuits. 

A  decade  later,  the  world  marital  (or  military-approved  microcircuits 
was  wen  below  the  industrial/commercial  demand  for  ICs.  Current 
projections  indicate  the  market  for  military  and  Industrial  hermetic 
devices  wK  be  only  about  1%  of  the  world  production  of 
micnoclrcufis  by  1995. 

As  did  the  Integrated  circuit,  low-cost  encapsulation  processing 
required  a  period  of  learning  and  experimentation.  By  the  early 
1960s,  the  fakure  mechanisms  that  caused  quality  and  reliability 
concerns  had  been  researched  and  essantiaty  reduced  to 
background  noise.  Aluminum  interconnect  metafiization  corrosion 
was  controfied  by  Improvements  In  passivation  composition  and 
reduced  defect  density.  Ionic  contaminants  on  the  die  and  in  the 
eocapsutant  had  been  reduced  to  insignificaril  levels,  eliminating 
bond-pad  corrosion  in  fiekt-usa  environments.  Material  and 
structural  designs  controlled  thermal  mismatch  issues. 

With  technology  advances,  new  failure  mechanisms  can  evolve, 
but  In'  high  volume  fines  they  ere  knmedtotaly  addressed  and 
eontrofiad.  This  was  the  case  wfih  surface-mount  technology 
detaminstton  or  "popcoming*  resulting  during  assembly  soldering 
from  the  vaporization  of  abeorbed  moisture  In  very  thin  packages 
containing  vaty  large  dies. 

Refiabfilty  data  from  many  sources,  tnckxfing  Texas  Instruments, 
the  ITT  P, inarch  tnsttuta,  Honeywefi,  Rocjarel  International, 
Hamlton  Standard,  and  liton,  Mcate  Owl  PEMe  are  equaly  or 
more  ratable  than  hormebc  parts.  This  to  not  surprising, 
considering  the  microelectronics  market  trenda  depleted  In  Figure 
2.  Device  manufacturers  are  Improving  their  competitiveness  in 
wiHw  mancais  o j  Momnno  m  moowiizvio  Bur  mousotM  wa 
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commercial  facilities  at  the  expense  of  Mr  military  assembly  and 
packaging  facilities. 

The  DoO  tail  taking  advantage  of  thte  high-quality  market  because 
His  held  captive  by  the  mMtary  specifications  generated  three 
decades  ago.  MH.-HOBK-217,  tor  example.  Is  stti  used  to  predict 
Hie  reliability  of  a  system,  even  though  lie  thirty  yean  old.  These 
predictions  have  been  biased  so  that  only  mttvyepproved  parts 
win  mast  speckled  re*abWy  goals.  Other  factors— such  as  MIL- 
H06K-2irs  dependence  on  staady-etata  temperehire,  which 
Incurs  system  psnalliee  of  sizs.  weight  and  coat  Ignorance  of 
design  Impact  and  current  flekPratum  faiures,  which  have  no 
relevance  to  the  21 7  model— make  this  document  a  deterrent  to 
sound  sdantifle  Judgment  Program  managers  for  system 

developments,  which  typicaiy  require  use  of  the  217  modal,  fears 

substantial  risk  If  they  use  PEMs.  Other  mllary  standards  also 
support  this  perceived  risk  and  bias  pregram  managed  In  their 
choice  of  parts.  MIL-STD-454,  Requirement  64,  Includes  the  order 
of  precedence  by  which  an  equipment  developer  must  select 
microcircuits;  only  a  military-approved  part  Is  permitted. 

MIL-HOBK-217  Is  based  on  the  assumption  that  part  falures  are 
the  cause  of  equipment  failure.  What  It  does  not  taka  Into  account 
is  that,  since  the  earty  1960s,  parts  have  become  extremely 
reliable  and  are  not  generally  the  cause  of  equipment  failure. 
Field-failure  returns  from  OEM  repair  facilities,  microcircuit 
suppliers,  and  DoO  depots  unlvetsaBy  Indicate  that  less  then  5%  of 
all  failures  are  chip-  or  package-related.  The  vast  majority  of 
returns  are  retested  and  pass,  while  the  remaining  30  to  SOS  fail 
because  of  printed  circuit-board  assembly  or  design-related 
reasons. 

J.  WHAT  THE  ARMY  IS  DOING 

Since  the  late  1960s,  the  Army  has  been  using  plastic- 
encapsulated  devices  (transistors,  diodes,  microcircuits)  In  systems 
for  which  program  managers  realized  the  advantages  of  th  > 
technology.  In  one  case  study,  an  Army  Panama  Canal  Zone  field 
study  was  initiated  in  1970  to  assure  that  helicopter  radios  using 
these  devices  would  not  have  reliability  problems.  Ten  years  later, 
with  5,000  transistors  and  integrated  circuits  on  test  and  a  quarter- 
billion  device  hours  accumulated,  the  verdict  supported  the  use  of 
PEMs10. 

The  Army  has  since  used  this  technology  In  a  few  select 
development  systems.  These  indude  the  Platoon  Earty  Warning 
System— where  one  million  PEMs  were  used— and  numerous 
electronic  fuze  applications,  the  most  recent  being  the  M782,  which 
is  now  in  production  using  surface-mount  technology. 

The  Army  Is  taking  advantage  of  cost  savings  resulting  from  the 
procurem-mt  of  non-developmental  Items  (NDI).  This  equipment  is 
procured  without  the  restrictions  imposed  by  military  documents. 

Most  microcircuits  for  this  NDI  equipment  are  PEMs  purchased  to 
assure  that  the  system  meets  performance  and  Mabilty 
requirements.  The  DoO,  In  most  cases,  does  not  specify  or  even 
know  what  devices  are  used  or  how  they  are  procured.  The 
environmental  uses  for  these  NDt  systems  range  from 
temperature/humkfity  controlled  enclosures  to  hand-held, 
uncontrolled,  anywhere-in-the-world  applications. 

Army  document  HDBK-179(ER)  -  Microcircuit  Application 
Handbook  dated  October  1 993.  lists  among  other  things  the 
equipment  environments  In  which  PEMs  can  be  used  and  how  an 
OEM  can  assure  the  government  that  selected  suppBert  and 
microcircuits  will  surpass  system  quality  end  rekabUity 
requirements. 

The  newest  DoO  qualification  system,  MIL-l-38535,  the  Qualified 
Manufacturer  List  (QML),  embraces  many  of  the  ideas  of  best 
commercial  practices  (BCP).  Commercial  suppliers  of  high-volume 
PEMs  produced  for  users  who  demand  quality,  reliability,  and  low 
cost  have  Incorporated  a  methodology  which  assures  these  goals: 
control  of  Incoming  materials,  In-line  process  control,  statistical 
process  control  (SPC),  in-line  process  monitors,  continual  periodic 
testing,  end  so  forth. 


Today,  the  six  certified  QML  menufacturers  produce  wafers  on 
knes  used  by  both  their  military  and  industry  customers,  in 
eddilon.  the  DoO  now  permits  offshore  QML  lines  after  vendors 
argued  that  maintaining  on-ehore  production  was  financially 
untenable,  hmrever,  QML  stti  demands  that  the  1C  supplier 
support  e  military  organization  in  addition  to  ks  commercial 
organization,  which  is  a  non-value  added  proposiion. 

While  liberalizing  QML  is  a  move  In  the  right  direction,  maintaintr« 
separate  miltary  lines  Is  no  longer  Justifiable,  even  to  satisfy  the 
environmental  requirements  of  the  military  customer.  Packaging 
and  assembly  for  ton-mUtary  Industrial  markets  Is  done  on  high- 
volume  plastio-ancapsulatkm  Ones  that  are  more  efficient  and  cost- 
effective  than  their  mttaty  counterparts.  These  lines  are  high- 
yietd,  high-qualfty,  have  a  low  defect  rate,  and  provide  e  highly 
reliable  product  to  demanding  customers 

4.  SUMMARY 

The  quality  end  reliability  of  high-volume,  best-commercial-practice 
parts  ere  no  longer  an  issue.  Data  Is  available  showing  that  this 
technology  is  equivalent  to  traditional  hermetic  cavity  packages 
The  challenge  is  how  to  procure  them  to  meet  equipment 
requirements  cost-effectively.  The  Army  has  developed 
HDBK-179(ER),  Microcircuits  Application  Handbook  and  has 
applied  this  methodology  to  several  key  programs,  including  the 
Comanche  helicopter,  the  Battlefield  Combat  Identification  System 
(BCIS),  and  the  Single  Channel  Ground  S  Airborne  Radio  System 
(SINCGARS).  The  projected  savings  secured  for  each  program  by 
the  use  of  PEMs  are  substantial. 
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Die  attach  Die  paddle 


(b)  plastic  package  construction 


figure  1.  comparison  of  cavity  vs.  non  cavity  (pern)  package  construction 


figure  2.  market  sales  of  commercial  vs.  military  microcircuits 
(data  provided  by  texas  instruments) 
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figure  3.  package  mix  for  Integrated  circuits 

t source :  ‘dedgn  benchmarks  and  activity  metrics.  • 
ceerts  international,  otdtyme,  Connecticut) 
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figure  4.  microcircuit  reliability  Improvement  trends 

(condla.  I.  and  pectit.  m..  'options  tor  commercial 
microcircuits  f n  avionics  products."  defense  electronics, 
july  1991 ) 
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FRACTURE  MECHANICAL  CHARACTERIZATION  OF  IC-DEVICE-INTERFACES 
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1  INTRODUCTION 

The  reliability  of  plastic  packaged 
IC-devices,  concerning  solder-dips, 
thermal  cycling  or  humidity  tests  is 
predominantly  governed  by  the  adhe¬ 
sion  between  the  different  components 
and  their  thermomechanical  proper¬ 
ties. 

A  "first  law  of  plastic  packaging" 
was  given  by  Alpern  et.  al.  PI: 
"Perfect  adhesion  at  any  interface 
minimizes  failure",  taking  account 
the  results  of  failure  analysis  111 
and  finite  element  calculations  /3/. 

In  plastic  encapsulated  integrated 
circuits  three  main  interfaces  can  be 
distinguished.  First,  the  interface 
between  the  die  and  the  plastic  (A  in 
Fig.  1),  second,  the  die-attach  to 
the  die-pad  (B  in  Fig.  1)  and  third 
the  phase-boundary  between  the  pla¬ 
stic  package  and  the  lead  frame  (C  in 
Fig.  1). 

To  characterize  the  bond-strength  or 
adhesion  of  such  interfaces,  several 
destructive  and  non-destructive  meth¬ 
ods  are  known. 

The  scanning  acoustic  microscope 
(SAM)  is  commonly  used  to  detect  de¬ 
laminations  /4,  5/  along  the  inter¬ 
faces.  But,  no  information  about  the 
bond-strength  of  interfaces  is  avail¬ 
able  from  SAM. 


Fig.  1:  Schematic  cross-section 

of  a  plastic-packaged  IC- 
device 

Peel-,  pull-  and  shear-tests  are  de¬ 
structive  methods  to  measure  the  ad¬ 
hesion  between  two  materials  /6/.  The 
pull-  and  peel-tests  are  mainly  used 
to  measure  the  adhesion  of  the  epoxy¬ 
resin  on  the  lead  frame  or  the  Si- 
chip.  Special  test-specimen  and  -geo¬ 
metries  were  necessary  and  therefore, 
the  thermomechanical  stresses  along 
such  interfaces  were  not  comparable 
to  those  existing  in  the  real  IC-de¬ 
vices. 

The  shear-test  is  usable  to  characte¬ 
rize  the  bond  strength  of  the  die- 
attach  in  the  unmoulded  state. 

In  the  following  a  new  fracture  me¬ 
chanical  test  method  will  be  present¬ 
ed,  which  allows  the  measurement  of 
the  bond-strength  or  adhesion  of  each 


423 


of  the  three  interfaces  present  in 
plastic  encapsulated  devices.  The 
change  in  adhesion  along  this  inter¬ 
faces  caused  by  reliability  tests 
(thermal  cycle  test,  humidity  tests 
or  solder  dips)  will  be  measured  and 
correlated  to  the  failure  behaviour 
of  the  devices. 


2  THE  FRACTURE-MECHANICAL  PRIN¬ 
CIPLE 

To  investigate  the  physical  nature  of 
the  bond  strength  along  interfaces 
between  heterogen  materials  many 
theoretical  /7,  8,  9/  and  experiment¬ 
al  work  /10  -  13/  has  been  done. 
Several  different  probe  geometries 
and  fracture- test  philosophies  have 
been  developed  to  measure  the 
strength  of  adhesion  along  heterogen 
phase-boundaries. 

The  four-point-bend-test-method  /II/ 
will  now  be  used  to  characterize  the 
bond-strength  of  the  interfaces,  pre¬ 
sent  in  plastic-encapsulated  ICs 
(Fig.  1). 


2. 1  The  preparation  technique 

Fig.  2  shows  the  preparation  steps 
necessary  to  get  a  four-point-bend- 
test-sample  from  a  plastic  packaged 
device. 

The  first  preparation-step  is  cutting 
and  polishing  the  IC-device  from  each 
of  the  four  sides  until  the  corres¬ 
ponding  belonging  chip  border  is 
reached.  The  specimen,  resulting  from 
this  procedure  has  the  size  of  about 
the  chip-size  and  a  thickness  of  the 
original  device  (Fig.  2b). 


Fig.  2:  Preparation  steps  from 

the  IC-device  to  the  frac¬ 
tured  four-point-bend- 
test-sample 

This  core-sample  consists  of  the  pla¬ 
stic  package  above  the  chip,  the  chip 
itself,  followed  by  a  piece  of  the 
die-pad  and  the  plastic  material  be¬ 
low.  It  contains  all  the  three  inter¬ 
faces  to  be  characterized. 

To  get  a  testable  four-point-bend- 
test-  sample,  extensions  of  25  x  5  x 
2.5  mm3  had  to  be  sticked  to  both  of 
the  unpolished  surfaces  of  the  core¬ 
specimen  (Fig.  2b  u.  2c). 

The  phase-boundary  under  test  has  to 
be  notched  to  be  sure,  that  the  crack 
runs  along  this  interface. 
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2.2  The  four-point-bend-test 

This  test  was  originally  developed 
for  the  fracture-mechanical  characte¬ 
rization  of  metal -to-ceramic-com- 
pounds  /10,  11,  12/. 

The  three-point-bend-test,  used  for 
homogenous  samples,  has  the  disadvan¬ 
tage,  that  the  upper  support  is  lo¬ 
cated  in  the  middle  of  the  sample  and 
therefore  presses,  in  the  case  of 
heterogen  compounds  with  one  or  more 
phase  boundaries,  on  the  interface 
itself. 

The  four-point-bend-test-geometry 
(Fig.  3)  avoids  this  disadvantage, 
giving  more  reproducable  results. 
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F/2  F/2 

Fig.  3:  Geometry  of  the  four- 

point-bend-test 

The  critical  fracture  energy  of  an 
unnotched  four-point-bend-test-sample 
can  be  calculated  /14/  by  the  equa¬ 
tion 


3  K 


(1) 


where  Fc  is  the  fracture- load  and  e, 
B  and  W  described  the  geometry  of  the 
specimen  (Fig.  3). 


The  width  W1  of  the  notched  interface 
had  to  be  used  for  calculating  Gc  of 
a  notched  sample. 

Considering  the  place  d  and  the  depth 
(W-Wj)  of  the  notch,  a  correction- 
function  Yq  can  be  calculated  /10, 
15/  and  used  for  the  determination  of 
the  fracture  energy  G  of  the  notched 
heterogene  interface  /I 5/ 


9e2  •  2f 
B2W3 


(2) 


★ 

where  E  is  the  effective  modulus  of 
elasticity. 

If  the  elastic  properties  of  the 
interface  region  are  known,  the  frac¬ 
ture  resistance  K  of  the  interface 
can  be  calculated  715/  by 


where  B  is  a  composite  parameter. 


3  THE  EXPERIMENTAL  RESULTS 

Because  of  the  many  elastic-,  notch- 
and  compos it-dependent  parameter,  ne¬ 
cessary  for  a  quantitative  calcula¬ 
tion  of  the  fracture-energy  Gc  or  the 
fracture  resistance  Kc  (chap.  2)  of 
the  various  interfaces  present  in  IC 
devices,  a  qualitative  investigation 
of  the  respective  adhesion  has  to  be 
prefered. 
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Primarily,  a  four-point-bend-test - 
specimen  will  fracture  in  any  case  on 
its  weakest  point  or  interface. 


a. 


Fig.  4:  Fracture  behaviour  of  an 

untested  IC-device 

a.  Side  view  of  the 

fractured  sample 

b.  Top  view  on  the 

fractured  surface 

If  the  adhesion  along  one  of  the 
interfaces  is  higher  than  the  frac¬ 
ture  strength  of  one  of  the  materials 
joined  together,  the  crack  will  run 

through  this  material  (see  Fig.  4). 

In  plastic  packaged  ICs  the  silicon 


is  the  material  with  the  lowest  frac¬ 
ture  strength  given  by  / 16/ 


1 


where  Kc  is  the  fracture  toughness  of 
the  silicon  (KcSi  =  26  N/mm  3/2)  and 
a  is  the  surface  crack  depth  in  the 
Si. 

The  results  of  the  qualitative  ana¬ 
lysis  of  the  fracture  behaviour  of 
four-point-bend-test-samples  were 
characterized  as  follows: 

+  the  adhesion  along  each  of  the 
three  interfaces  is  higher  than 
the  fracture-strength  of  the 
Si. 

The  fracture  runs  through  the 
silicon  chip  (see  Fig.  4a,  4b). 

no  or  nearly  no  adhesion  along 
one  of  the  phase-boundaries. 
The  sample  fails  along  this 
interface  during  or  after  the 
preparation  process  with  no  or 
nearly  no  additional  external 
force. 

o  the  fracture  strength  of  the 
weakest  interface  is  smaller 
than  the  fracture  strength  of 
the  Si,  but  high  enough  to  be 
measurable  using  the  four- 
point-bend-test-method  . 

The  crack  runs  along  the  inter¬ 
face. 

+/o  the  crack  runs  partly  along  the 
interface  and  partly  through 
the  Si-Chip  (see  Fig.  5).  The 
fracture  strength  to  be  measur¬ 
ed  is  a  mixture  of  the  Si-frac- 
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ture- strength  and  the  fracture- 
strength  of  the  interface  (Fig. 
5a,  5b). 


b. 


Fig.  5:  Fracture  behaviour  of  a 

temperature-cycled  device 

a.  Si-chip  side  of  the 
fracture 

b.  Mould  part  of  the 
fractured  sample 

Which  kind  of  fracture  behaviour  will 
be  observable  depends  on  the  produc¬ 
tion  parameters,  the  materials  joint¬ 
ed  together,  the  geometry  of  the 


interface  and  the  reliability  test 
done  with  the  device. 

The  experimental  results  of  the  qua¬ 
litative  fracture-mechanical  charac¬ 
terization  of  different  types  of  ICs 
before  and  after  several  life-time 
tests  are  summarized  in  Tab.  1. 

The  adhesion  along  the  interface  die- 
pad/nvould  compound  has  been  measured 
to  be  very  low  already  before  any 
test  treatment  of  the  IC-devices.  The 
mechanical  stability  along  this  in¬ 
terface  can  be  improved  using  dimples 
or  anchor-holes  in  the  die-pad,  in 
which  the  mould  compound  can  be 
pressed  /I 6/. 

A  high  pop-corn  stability  of  the  IC 
devices  depends  mainly  on  a  good  ad¬ 
hesion  between  the  die-pad  and  the 
mould  material. 

The  adhesion  along  the  phase  boundary 
die/die-pad  of  untested  devices  is 
stronger  than  the  fracture  resistance 
of  the  Si-chip  itself  (+  in  Tab.  1) 
and  independent  of  the  die-attach 
technology  (soldered  or  glued). 

A  similar  fracture  behaviour  is  ob¬ 
servable  after  temperatur-stress- 
tests  (temperature-cycles  or  solder- 
dips)  and  also  after  1000  h  in  the 
standard  85  °C/85  X  RH-humidity-test. 
In  the  pressure-cooker-test  (120  °C/ 
100  %  RH)  it  takes  only  about  50  h  - 
100  h  to  destroy  (-  in  Tab.  1)  the 
adhesion  of  the  silver-epoxy  adhesive 
die-attach. 

The  soldered  die/die-pad-interface 
can  be  stressed  more  than  2000  h  in 
the  PC-test  without  any  observable 
change  of  the  high  adhesion  (+  in 
Tab.  1). 
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— 
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solder 
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+ 

+ 

(anchor  holes) 
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3000 h  PC 

solder 

+ 

+ 

+ 

Qualitative  results  of  the  fracture-mechanical  characterization 


Tab.  1: 

The  adhesion  of  the  mould  compound  to 
the  passivated  chip  surface  is  of  es¬ 
sential  interest  for  the  reliability 
of  the  IC-devices. 

The  untested  devices  of  standard  pro¬ 
duction  have  a  fracture-resistance  a- 
long  this  phase-boundary  higher  than 
the  fracture-strength  cSl  of  the 
silicon.  The  crack  runs  into  the  Si- 
chip  (Fig.  4,  +  in  Tab.  1). 

After  temperature-cycles  (-50  °C, 
+  160  °C)  or  solder-dips  (3  x  30  sec, 
260  °C)  the  delamination  starts  from 
the  chip  edges  along  the  interface 
chip-surface/mould  compound  and  runs, 
in  the  middle  region  of  the  chip,  in¬ 
to  the  Si-chip  (Fig.  5;  +/o  in  Tab. 
1). 


In  the  pressure-cooker- test  the  adhe¬ 
sion  along  the  phase-boundary  between 
the  passivated  chip  surface  and  the 
mould  compound  fails  already  after 
about  50  h  -  100  h  test  time,  if  a 
silver  epoxy  die-attach  has  been 
used.  The  fracture  takes  place  along 
the  interface  itself  (see  Fig.  6). 

The  fracture-strength  is  to  low  (-  in 
Tab.  1)  to  be  measured  using  the 
quantitative  four-point-bend-test - 

method  (see  part  2.2). 

The  light-optical  analysis  of  the  se¬ 
parated  surfaces  (see  Fig.  6  and  7) 
demonstrates,  that,  during  the  PC- 
test,  the  Al-metallization  has  been 
dissolved  away  in  many  of  the  bond- 
pads.  The  same  is  observable  in  the 
case  of  some  of  the  conductor  lines 
ending  in  this  pads.  The  result  of 
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this  is  an  electrical  failure  (open), 
measurable  after  the  PC-test. 

Pads  beneath  the  dissolved  pads  looks 
pretty  good  (see  Fig.  6). 


a. 


Fig.  6:  Fracture  behaviour  of 

pressure-cooker  tested  de¬ 
vices 

a.  Si-chip  surface 

b.  Hold  part  of  the 
fractured  sample 


region,  identical  with  the  region 
where  dissolved  Al-pads  can  be  ob¬ 
served  on  the  chip  surface  (see  Fig. 
6).  A  redeposition  film  can  be  also 
found  on  the  chip  sides  down  to  the 
meniscus  of  the  silver  epoxy  adhesive 
(see  Fig.  8).  With  WDX  (wave  length 
dispersive  X-ray  analysis)  in  the  SEN 
oxygen  and  aluminium  has  be  found  in 
this  redeposition  films. 

This  indicates  that  deposition  of 
A1X(0H)  occurs  in  delamination-re- 
gions  filled  with  water  (see  Fig.  7 
and  8). 

Using  IC-devices  with  a  soldered  die- 
attach  no  decrease  of  the  original 
high-adhesion  along  the  interface 
chip-surface/mould- compound  has  been 
observed  up  to  3000  h  pressure  cooker 
test  times  (see  Tab.  1).  Also  no 
electrical  failure  (short/open)  and 
no  dissolved  Al-pads  have  been  de¬ 
tected. 


Further,  a  redeposition  of  the  dis¬ 
solved  A1  occurs  in  the  delamination 
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Fig.  8:  Redeposition  of  Al(0H)x 

along  the  chip-side 


4  DISCUSSION 

4.1  Influence  of  the  temperature 
treatments 

The  reason  for  the  fracture  behaviour 
observable  after  temperature  cycles 
is  the  mechanical  stress  occuring 
during  each  temperature  treatment  be¬ 
cause  of  the  different  thermal  expan¬ 
sion  coefficients  of  the  Si-chip 
(aSi  *  2,  3  •  10"  1/K)  and  the  mould 
material  (a^  »  20  •  10~6  1/K). 

This  mechanical  stress  can  ^ 

quantified  by  the  following  formular 
/16/ 

EC.AC 

<»NC  ‘  <«,  -  »Si><T  -  V"  * - 1 

em,am 

with:  Tq  =  glas  transition-tempera¬ 
ture 

E  =  elastic  modulus 


Ac  =  chip  area 
A^  =  moulded  area 

The  force  across  the  interface  be¬ 
cause  of  this  stress  has  its  maxima 
in  the  edges  of  the  chip. 

In  the  unrelaxed  state  a  warpage  (see 
also  Fig.  9b)  of  the  bi-material  sy¬ 
stem  is  the  result  of  this  stress  a- 
cross  the  interface. 

Is  this  thermomechnical  stress  stron¬ 
ger  than  the  fracture-strength  along 
the  phase-boundary,  a  delamination, 
beginning  at  the  chip  edges,  occurs. 
The  delamination  region  stops  to  in¬ 
crease,  if  the  thermomechanical  force 
at  the  distance  x  from  the  chip  cen¬ 
ter  is  lower  than  the  bending  force 
between  the  chip-surface  and  the 
mould-material  at  the  same  place.  On 
this  place  x  the  crack  can  run  inside 
the  silicon  chip,  if  the  bending  a- 
cross  the  interface  is  higher  than 
the  thermomechanical  stress,  which 
itself  had  to  be  higher  than  the 
fracture  strength  of  the  Si. 

The  mechanical  stress  applied  during 
a  four-point-bend-test  had  be  added 
to  the  present  internal  stress  and 
will  fracture  the  pre-stressed  (part¬ 
ly  delaminated)  system  in  the  observ¬ 
ed  manner  (see  Fig.  5). 

A  way  to  prevent  such  delaminations 
and  the  following  crack  of  the  Si- 
chip  during  temperature  cycle  tests 
or  solder-dips  may  be  the  use  of  mo¬ 
dified  mould  compounds,  the  so  called 
"low  stress"  -  or  even  better  "super 
low  stress"  mould-masses  having  bet¬ 
ter  elastic  -  and  thermomechanical- 
properties  to  compensate  or  lower  the 
thermomechanical  stresses  occuring 
during  the  temperature  treatments. 
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b)  Tgr  after  <#•— ottoch 


d)  TgfCoftar  moulding) 


«)  T„(durin9  PC-T«t) 


f)  T„(oft«r  itrumlontion)  .(domination 


Fig.  9:  Chip  warpage  as  a  func¬ 

tion  of  process-  and  test- 
steps 


4.2  Failure  mechanismus  in  the 
pressure-cooker-test 

The  observed  corrosion-phenoaina  oc¬ 
cur  ing  during  the  PC-test  (dissolving 
of  the  pad-Al  and  of  the  A1  out  of 
the  conductor  lines  ending  in  this 
pads  and  redepositing  of  A1X(0H)  a- 
long  the  delaaination  region  aithe 
chipsurface  and  the  chip  sides  (see 
Fig.  7,  8  and  part  3)  can't  be  found 
after  the  other  common  humidity  tests 
(85  i  /  85  X  RH  and  HAST). 

This  phenomena  are  pressure-cooker 
specific  naterial-transport  mecha¬ 
nisms. 

In  the  case  of  the  common  corrosion 
processes  (surface  corrosion,  grain¬ 
boundary  corrosion)  the  corrosion 
products  (A1X(0H)  )  were  located  di¬ 
rect  at  the  place  of  the  corrosion- 
reaction. 

In  the  case  of  the  PC-specific  pheno¬ 
mena,  the  chemical  dissolution  of  the 
Al-pads  (dissolving  of  the  A1  out  of 
the  conductor  lines)  basing  both  on 
the  electrochemical  potential  differ¬ 
ence  between  the  Al-metallization, 
the  electrolyte  (H_0  with  solved  ions 
(Cl~,  F"...)  and  the  epoxy  (Ag)-  die- 
attach  material,  a  electrochemical- 
driven  material-transport  of  the  dis¬ 
solved  A1  into  the  whole  delamination 
region,  filled  with  ionized  water, 
takes  place.  The  electrical  potential 
of  the  active  Si-regions,  the  conduc¬ 
tor-line  ends,  can  enforce  the  dis¬ 
solving-process  of  the  A1  out  of 
those  metallization  lines. 

The  growth  of  the  redeposition  film 
in  the  delamination  region  is  a  re¬ 
sult  of  the  saturation  of  the  water 
in  it  with  Al. 


Water  in  a  condensate^  state  is  pos¬ 
sible  in  the  PC-recipient  because  of 
the  100  %  relative  tumidity  (RH)  con¬ 
dition. 

The  rapid  decrease  of  the  adhesion  a- 
long  the  interfaces  chip/mould  com¬ 
pound  and  also  along  the  phase-boun¬ 
dary  chip/epoxy/chip-carrier  also 
can't  be  observed  after  the  other 
humidity  tests  (HAST,  85  #C/85  X  RH). 

The  presented  experimental  results 
allowed  a  describtion  of  the  PC-spe¬ 
cific  failure  mechanism  of  IC-devices 
with  an  epoxy  die-attach. 

In  the  PC-test  the  following  mecha¬ 
nisms  takes  place: 

1.  moisture  diffusion  through  the 
plastic  package 

2.  degradation  (hydrolization)  of 
the  epoxy-die-attach 

3.  reduced  or  failed  adhesion  a- 
long  the  die-attach 

4.  decrease  of  the  adhesion  along 
the  interface  chip/plastic 
package 

5.  delamination  along  the  inter¬ 
face  chip/plastic 

6.  condensation  of  water  in  the 
delamination  region 

7.  chemical  dissolution  process 
and  battery  effect 

8.  redeposition  of  the  dissolved 
A1  along  the  delaminated  inter¬ 
faces 

This  ends  in  a  measurable  electrical 
failure  (open)  after  the  PC-Test. 

The  process  from  the  degradation  of 
the  epoxy  die-attach  to  the  delamina¬ 
tion  of  the  interface  chip/mould  com¬ 
pound  is  based  on  the  mechanical 
stress  between  this  two  materials. 


The  Fig.  9  demonstrates  the  process- 
dependent  change  in  the  chip-warpage, 
which  is  the  result  of  the  mechanical 
stress  between  the  different  materi¬ 
als  (different  thermal  expansion  co¬ 
efficients)  present  in  the  IC-device. 
After  the  die-attach  process  a  war- 
page  of  the  chip  takes  place  (see 
Fig.  9b)  because  of  the  larger 
shrink-rate  of  the  die-pad.  After 
moulding  (see  Fig.  9d)  nearly  no  war- 
page  occurs  because  of  the  same 
thermal  expansion  coefficients  of  the 
die-pad  and  the  mould  material.  The 
degradation  of  the  die-attach  adhe¬ 
sion  (hydrolization  of  the  epoxy)  al¬ 
lows  a  warpage  of  the  chip  under  the 
force  F  of  the  mould  compound  (see 
Fig.  9e).  The  decrease  of  the  adhe¬ 
sion  along  the  interface  chip/mould- 
compound  (point  4)  is  also  a  result 
of  the  epoxy-hydrolization  and  in¬ 
duces,  together  with  the  force  F 
(warpage  of  the  chip)  the  delamina¬ 
tion  along  the  chip  surface  (see  Fig. 
9f). 

This  delamination  along  the  chip  sur¬ 
face  is  necessary  for  the  chemical 
dissolution  of  the  pad-Al  as  well  as 
for  the  battery-effect  in  this  re¬ 
gion,  filled  with  condensed  water. 


5  SUMMARY 

In  plastic  encapsulated  integrated 
circuits  three  main  interfaces  can 
been  distinguished.  To  characterize 
the  bond  strength  or  adhesion  of  this 
phase-boundaries  a  fracture-mechani¬ 
cal  test  method,  the  four-point-bend- 
test,  has  been  used.  Therefore,  a  new 
preparation  technique  was  developed 
to  get  the  four-point-bend-test-sam- 
ples  out  of  real-lC-devices. 
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A  qualitative  fracture-mechanical  in¬ 
vestigation  of  the  fracture  behaviour 
allows  to  distinguish  four  different 
possible  failure  nodes  for  each 
interface. 

The  adhesion  along  the  three  inter¬ 
faces  of  IC-devices  before,  during 
and  after  additional  stress-tests 
(PC,  HAST,  solder  dips,  thermal  cycle 
test)  has  been  characterized. 

The  origin  of  two  PC-specific  corro¬ 
sion  phenomena  has  been  described. 

By  preventing  the  source  of  the  PC- 
failure-mechanisms,  the  life-time  of 
the  IC-devices  under  PC-conditions 
has  been  increased  up  to  3000  h  and 
longer. 
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IONIZING-RADIATION  AND  HIGH- TEMPERA TU RE -I NOUCED 
OXIDATION  OF  THE  ELECTRONIC  PACKAGING  MATERIALS 
OF  GE-HDI  ELECTRONIC  BOARD 

Mohamad  Al-Sheikhly  &  Arts  Christou 
Department  of  Materials  and  Nuclear  Engineering 
University  of  Maryland,  College  Park,  MD  20742-21  IS,  USA 


Synopsis 

Several  methods  have  been  developed  for 
investigation  of  the  thermal  and  ionizing  radiation- 
induced  oxidative  degradation  of  polymers.  These 
methods  include  die  measurement  of  physical 
properties,  as  well  as  the  detection  of  chemical 
changes.  In  the  present  work,  the  high- 
temperature  and  radiation-induced  oxidations 
(chemical  changes)  were  analyzed  by  detecting 
the  non-volatile  oxidation  products  and  the 
unstable  free  radicals  in  GE-HDI  electronic  board. 
It  is  well  known  that  the  presence  of  ketones, 
aldehydes,  hydroperoxides,  and  carboxylic  groups 
is  a  direct  indication  of  the  oxidation  in  many 
polymeric  materials'. 

In  addition  to  the  oxygen  effects,  it  has 
also  been  demonstrated  that  some  metals  (e.g.  Cu, 
Cr.  Co,  Si,  Ti.  Fe)  and  their  oxides  can  markedly 
enhance  the  degradation  of  polymers  and 
generally  lower  the  activation  energy  for 
hydroperoxide  decomposition13  which  ultimately 
leads  to  further  degradation.  Of  particular  concern 
is  the  acceleration  of  thermal  degradation  of  the 
many  polymeric  packaging  materials  in  the 
presence  of  copper*.  Extensive  research  by  some 
laboratories  has  demonstrated  that  cuprous  and/or 
cupric  ions  can  diffuse  into  a  polymer  and  cause 

'Allen,  Norman  S.  "Fundamentals  of 
Polymer  Degradation  and  Stabilization",  Elsevier 
Applied  Science,  New  York,  1 992. 

*Leo  Reich  and  Salvatore  Stivala, 
‘Elements  of  Polymer  Degradation",  McGraw-Hill 
Book  Company*  1971. 

“Schnabel  W.  "Polymer  Degradation 
Principles  and  Practical  Applications,"  Macmillan 
Publishing  Co.,  New  York,  1981. 

4Hansen  R.  "Thermal  Stability  of 
Polymers',  R.  T.  Conley  (ed.),  Dekker,  New  York, 
1970,  p  153. 


the  decomposition  of  hydroperoxides  which  are 
formed  when  polymer  films  on  copper  begin  to 
oxidize  at  elevated  temperatures*3.  The  catalytic 
action  of  copper  oxides  is  due  to  an  initiation 
reaction  consisting  of  abstraction  of  tertiary 
hydrogen  atoms.  This  wifi  produce  R*  carbon- 
centered  radicals  and  reduce  copper  oxide  during 
the  process.  The  hydroperoxide  (ROOH)  groups 
are  decomposed  by  Cu*  ions  which  are  oxidize  to 
Cu1*  ions  in  the  polymer  films.  The  Cu1*  ions  then 
decompose  more  ROOH  groups  and  are  reduced 
to  Cu*.  The  alkoxy  (  RO’ )  and  peroxy  (  ROO' ) 
radicals  produced  during  these  reactions  then  lead 
to  the  accelerated  oxidative  degradation  of  many 
polymeric  electronic  packaging  materials7. 

Experimental  Technique 

In  the  present  work,  Fourier  Transform 
Infrared  (FTIR)  spectroscopy  and  Electron 
Paramagnetic  Resonance  (EPR)  spectroscopy 
were  performed  on  the  GE-HDI  electronic  board 
and  its  polymeric  base  material  polyimide 
[KAPTONJ. 

By  utilizing  the  FTIR  technique,  the 
oxidative  products  can  be  detected  as  aldehyde, 
ketone,  carboxyl,  and  ketonic  carboxyl  groups 
which  can  be  monitored  at  1500-1600, 1660, 1673, 
and  1716-1720  cm'1  wave  number,  respectively.  A 
Perkin  Elmer  1600  series  model  spectrofluorimeter 


sChan  M.  and  Allara  D.  "Infrared 
Reflection  Shatfes  of  Metal-Polymer  Interfaces", 
Pofym.  Eng.  Set,  No  14, 1974,  pp  12-15. 

“Hawkins  W.,  Chan  M.  and  Linke  G. 
■Factors  Influencing  the  Thermal  Oxidation  of 
Polyethylene,"  Polym.  Eng.  Set,  No  11, 1971,  pp 
377-384. 

7Jellinek  H.,  Kachi  H.,  Czandema  A.,  and 
Mifier  A.  "Thermal  Oxidative  Degradation  of  Isolate 
Polypropylene  Catalyzed  by  Copper  and  Copper 
Oxide  interfaces",  J.  Polym.  Sci.  Poly.  Chem.  Edn., 
No  17, 1979,  pp  1493-1522. 


with  a  Spectra-Tech  horizontal  attenuated  total 
reflectance  (ATR)  attachment  was  used  along  with 
a  45°  germanium  crystal.  The  ATR  sampling 
technique  makes  It  possible  to  analyze  totally 
absorbing  specimens  such  as  GE-HDI  board*.  The 
method  minimizes  the  effects  of  specimen 
thickness  and  orientation  and  reduces  the  error 
propagation  among  samples.  Another  advantage 
is  that  the  need  for  a  nitrogen  purge  to  remove 
atmospheric  water  vapor  and  carbon  dioxide  is 
eliminated  since  the  sample  compartment  is 
protected  from  undesirable  elements*.  The 
samples  were  placed  on  the  crystal  and  pressure 
was  applied  with  a  sample  clamp  at  a  level  which 
produced  the  best  reproducibility.  The  samples 
were  tested  for  256  scans  at  4.0  cm’1  resolution. 
The  germanium  crystal  permits  measurements  at 
wavelengths  of  5500-830  cm  '  which  is  the  range 
for  polymer  peaks  of  interest. 

The  EPR  study  was  carried  out  using  a 
Broker  Model  ESP  300  EPR  spectrometer.  Long- 
lived  free  radicals  can  cause  severe  damage  to 
polymers  (degradation)  and  result  in  premature 
aging.  On  the  other  hand,  short-lived  radiation- 
and  thermally-induced  free  radicals  are  often 
harmless  since  they  react  bimolecularty  to  produce 
stable  dimers  (crosslinking  reactions)  or  other 
products.  The  number  of  unpaired  spin  per  gram 
(or  the  free  radical  concentration)  was  measured 
by  using  MnS04.H20  as  standard.  The  samples 
and  the  standard  were  measured  under  the  same 
conditions.  The  free-radical  concentration  of  the 
irradiated  KAPTON  was  measured  according  to 
the  following  equation10: 


8Fanconi  B.  M.  "Fourier  Transform 
Infrared  Spectroscopy  of  Polymers-Theory  and 
Application*,  Journal  of  Testing  and  Evaluation, 
JTEVA,  Vol.  12,  No.  1,  Jan.  1994,  pp  33-39. 

®Messerscchimdt  R.  G.  “A  New  Internal 
Reflection  Element  Design  for  High  Optical 
Throughput  in  FTIFV,  Appl.  Spectrosc.  40  (5), 
(1986)  pp  632-635. 

10Wertz  J.  E.  and  Bolton  J.  a  ’Electron 
Spin  Resonance  Elementary  Theory  and  Practical 
Applications-,  Chapman  and  Hall,  New  York,  1986. 


*— *«,(■*,* I’a.u, 

Where: 

x:  sample  index 

s:  states  of  electron  orbital  angular 

momentum 
g:  g  factor 

A:  measured  area  under  the  first-derivative 

absorption  curve 

scan:  horizontal  scale  in  G  per  unit  length  on  the 
chart  paper 

G:  relative  gain  of  the  signal  amplifier 

M:  modulation  amplitude 


o. 

D„:  degeneracy  of  the  most  intense  line 

£,  D:  the  summation  of  the  degeneracies  of 
all  lines  in  the  spectrum. 

A  "Co  gamma-ray  source  was  used  to 
irradiate  the  KAPTON.  The  total  absorbed  dose 
was  100  kGy  and  the  dose  rate  was  4.5  Gy  s  '. 

Result*  and  Discussion 

Figures  1, 2,  and  3  represent  typical  FT1R 
spectra  of  the  heated  and  the  unheated  GE-HDI 
board.  In  Figure  1,  the  major  difference  between 
the  spectra  is  seen  in  the  band  at  1716  cm  ’.  The 
absorption  peak  at  1716  cm-’  wave  number  is 
direct  evidence  of  the  presence  of  the  ketonic 
carboxyl  group  (oxidation  product)  in  the  heated 
sample"-'*.  The  relatively  high  peak  intensity, 
absorbance  A171,  -  0.01 ,  and  very  small  thickness 
of  the  polymeric  materials  (5-10  pm)  clearly 
demonstrate  the  high  yield  of  oxidation,  since  the 


"Tabb  D.  L,  Sevik  J.  J.,  and  Koenig  J. 
L.'Fourier  Transform  Infrared  Study  of  the  Effects 
of  Irradiation  on  Polyethylene*,  Journal  of  Polymer 
Science,  Polymer  Physics  Edition,  Vol.13, 1975,  pp 
815-824. 

,2Kelly  K.,  Yuichi  Y.,  and  Ishida  H.  *FTIR 
Reflection  Technique  for  Characterization  of 
Polyimides  Rims  on  Copper  Suh^trate*  Paper 
Presented  at  the  14th  International  Conference  on 
Metallurgical  Coating,  otn  Diego,  CA„  U.SA, 
March  23-27  1987,  pp  271-279. 
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peak  absorbance  A  is  proportional  to  the  thickness 
of  the  polymeric  materials,  and  Ihere/ore  the 
absorbance  value  A  must  be  normalized  per  unit 
thickness  (mm)  ol  the  sample. 


Figure  1:  Absorption  band  at  1716  cm'1  (kelonic 
carboryl  group). 

Figure  2  demonstrates  the  difference 
between  the  FTIFt  spectrum  of  the  heated  and  the 
unheated  GE-HPI  in  the  region  1500-1600  cm1. 
Once  again,  the  multiple  bands  fn  this  region  give 
strong  evidence  of  the  presence  of  oxidation 
products  in  the  heated  sample  ,0  ". 


Figure  2:  The  presence  of  various  oxidized 
products  (multiple  bands  In  the 
1600-1500  cm'1  region) 

In  Figure  3,  the  presence  of  absorption  bands  at 
1660  and  1673  cm'1  suggests  the  formation  of 
COOH  or  C=0  groups". 


Figure  3:  Absorption  bands  at  1600  and  1673  cm'1 
(COOH  and/or  C=0) 

It  should  be  mentioned  dial  severe 
oxidative  degradation  causes  ring  opening  of  the 
bismaleimid  (e.g.  KAPTON).  This  can  be  detected 
by  monitoring  increase  in  the  FTIFt  peak  at  2186 
cm'1  ".  Figure  4  shows  no  absorption  band  at 
2186  cm'1  which  suggests  that  no  ring  opening  has 
occurred  on  the  surface  of  the  board. 


Figure  4:  The  absence  ol  2186  cm'1  peak  (no 
ring  opening  on  the  surface) 

Figure  5  represents  the  FTIFt  spectrum  of 
the  irradiated  KAPTON  (100  kGy)  under  aerobic 
conditions.  The  FTIR  spectrum  clearly  shows  the 
oxidation  peak  at  1716  cm  ’.  A  small  oxidation 
peak  at  1717  cm'1  was  also  detected  in  the  FTIR 

<3Baldwin  S.  "Infrared  and  Ultraviolet 
Absorption  Spectra  ol  Enaminonitriles",  J.  Org. 
Chem.,  Vol.  26, 1961,  pp  3288-3295. 
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spectrum  of  the  unirradiated  KAPTON  sample. 
However,  upon  irradiation,  a  large  Increase  In  the 
oxidation  peak  was  observed. 


carbon-centered  tree  radicals  will  be  produced. 
These  carbon-centered  radicals  react  either  with 
themselves  (bimolecularty)  or  with  molecular 
oxygen  to  produce  the  corresponding  peroxy 
radicals.  These  peroxy  radicals  will  then  initiate 
the  oxidation  process. 

Figures  6  and  7  show  the  EPR  first- 
derivative  spectra  of  Uie  irradiated  and  healed 
KAPTON  (80*C),  respectively.  The  shapes  and 
the  regions  ol  absorption  of  these  spectra  are 
almost  identical.  These  results  suggest  that  the 
radiolytically  produced  tree  radicals  and  the  heat- 
induced  free  radicals  of  the  KAPTON  are  similar  in 
their  conformation  and  paramagnetic  behavior. 


Figure  5:  The  formation  of  ketonic  carboxyl 
group  in  the  irradiated  polyimide 
(KAPTON).  Dose  100  kGy,  dose-rate 
4.5  Gy  s'1. 


Table  1  summarizes  the  FTIR  results  Of 
the  healed  GE-HDI  board  and  the  irradiated 
KAPTON  samples.  ‘ 


Table  1:  Oxidation  products  monitored  by  FTIR  In 
the  heated  GE-HDI  board  and  irradiated 
KAPTON’* 


Upon  irradiation  or  treatment  at  hlgh- 
temperature  of  the  polymeric  packing  materials, 


3*50  3*70  3*00  3*00  3500 

IGJ 


Figure  6:  EPR  spectrum  of  the  y-liradiated 
polyimide  (KAPTON)  in  the 
presence  of  oxygen.  Total  absorbed 
dose,  100  kGy;  dose-rate,  4.5  Gy  s  ’. 


!M«  3000  3400  3000  4300 


10] 


14ln  Table  1,  the  character  V  indicates 
the  presence  of  oxidational  functional  group. 


Figure  7:  EPR  spectrum  of  the  heated  polyimide 
(KAPTON)  at  80*C  (4  days)  and  relative 
humidity  100%. 


Since  in  both  cases,  the  EPR  spectra 
were  measured  20-25  days  after  the  thermal 
oxidation  treatment  and  irradiations,  these  free 
radicals  remain  as  long-lived  species.  At  this  stage 
of  this  study  and  taking  into  account  the  shape  and 
the  region  of  absorption  of  3200-3400  Gauss, 
these  results  suggest  that  these  free  radicals  are  of 
the  carbon-centered  R-C  type.  It  should  be 
mentioned,  however,  that  one  would  expect  the 
presence  of  the  peroxy  radicals  from  such  a 
spectrum.  By  applying  Equation  1,  the  number  of 
spins  per  gram  (number  of  free  radicals  per  gram) 
for  radiolytically  produced  free  radicals  (dose  100 
kGy)  was  found  to  be  1. 82x10'*  ±10%  unpaired 
spins  per  gram.  The  relatively  high  concentration 
of  free  radicals  has  the  potential  to  initiate  long- 
chain  oxidation  reactions. 

Conclusion 

The  high  amplitudes  of  the  FTIR 
absorbance  peaks  at  1716, 1500-1600,  1660,  1673 
cm'1  demonstrate  the  formation  of  high  yields  of 
oxidation  products.  In  addition,  the  EPR  results 
also  indicate  the  high  concentration  of  long-lived 
free  radicals.  The  relatively  high  concentration  of 
the  oxidation  products  can  be  explained  by  the 
presence  of  trace  amount  of  metals.  Frequently, 
trace  quantities  of  metals  catalyze  the  oxidation 
process  in  polymeric  electronic  packaging 
materials.  It  is  generally  accepted  that  metals  are 
catalytically  active  in  the  ionized  slate.  The  main 
function  of  metal  ions  consists  in  inducing  the 
decomposition  of  hydroperoxides  by  redox 
reactions,  thus  generating  free  radicals.  These 
free  radicals  react  with  oxygen  to  initiate  more 
oxidation  reactions. 

As  in  the  case  of  electronic  packaging 
materials,  a  frequently  encountered  case  pertains 
to  an  oxidative  degradation  process  at 
metal/polymer  interfaces.  In  this  example, 
enhancement  of  the  oxidation  rate  depends 
critically  upon  the  rate  of  dissolution  of  metal  ions, 
which,  in  turn,  depends  on  Ihe  rate  of  diffusion  of 
the  ions  into  the  polymer  matrix'8.  Since  GE-HDI 
board  contains  various  metals  (and/or  metal 
oxide),  it  is  very  likely  that  the  metals  enhance  the 


"Ailara  D.  L.  and  White  C.  W.,  "Microscopic 
Mechanisms  of  Oxidatives  Degradation  and  Its 
Inhibition  at  a  Copper-Polyethylene  Interface",  J. 
Am.  Soc.  Div.  Polym.  Chem.,  Polym.  Prepr.  18, 
(1977),  pp  482-487. 


thermally-induced  oxidation  reactions.  It  may  be 
expected  that  that  these  oxidation  reactions  occur 
in  the  metal/packaging  material  interfaces  which 
will  eventually  lead  to  latent  degradation  and 
ultimately  to  delamination. 
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1.  ABSTRACT 

In  lead-on-chip  (LOC)  packaging  technology,  the 
lead  fingers  are  attached  directly  to  the  surface  of  the  chip 
using  a  double-side  adhesive  tape.  This  method  of  chip 
attachment  naturally  leads  to  concerns  about  stress  on  the 
polyimide  coated  chip  surface.  Device  failure  related  to 
fracture  in  the  passivation  layers  and  the  Al-Si  metal  has 
been  observed  in  temperature  cycle  tests.  To  investigate 
the  effect  of  material  characterization  on  the  surface 
damage,  devices  were  fabricated  with  different  types  of 
molding  compounds,  tapes  and  polyimidcs.  This  paper 
describes  the  optimum  material  properties,  the  assembly 
process  parameters,  and  the  experimental  and  simulated 
results  of  the  surface  damage. 


2.  INTRODUCTION 

The  dramatic  increase  in  the  number  of  devices 
and  functionality  implemented  on  the  latest  ultra  scale 
integration  (ULSI)  designs  has  resulted  in  large  increases 
in  chip  size.  On  the  contrary,  package  dimensions  are 
continually  being  reduced  to  achieve  higher  component 
densities  on  circuit  boards  leading  more  rigorous 
requirements  on  the  thermal  and  mechanical 
characteristics  of  the  packaging  technology.  In  parallel 
with  shrinking  package  dimensions,  the  demand  for 
increased  device  functionally  leads  to  shrinking  feature 
sizes,  which  are  often  more  sensitive  to  package  induced 
stress.  As  a  result  of  these  demands,  the  LOC  package  [1- 
5]  (shown  in  fig.  1)  has  begun  to  replace  conventional 
package  designs  since  it  offers  more  margin  from  chip  or 
die  pad  edge  to  the  package  outline.  In  the  LOC 
packaging  technology,  the  lead  fingers  are  attached 
directly  to  the  surface  of  polyimide  deposited  on  the  chip 
using  a  double-side  adhesive  tape.  Polyimide  films  [6-7] 
are  currently  being  used  as  stress  buffers,  to  protect  circuit 
elements  from  package  induced  stress  damage.  After  the 
high  temperature  mounting  process,  double-side  adhesive 


tape  shrinks  during  cool  down  to  'oom  temperature 
leading  to  high  internal  stress.  This  stress  can  cause  the 
chip  surface  damage  during  temperature  cycling  tests  (-6S 
-  150  C)  due  to  thermal  expansion  mismatch.  This  failure 
mechanism  has  been  never  reported  in  conventional 
packaging  technology.  This  work  investigates  the  role  of 
material  characterization  and  assembly  process 
parameters  on  the  surface  damage  during  temperature 
cycling  test. 


Fig.  I  Small-outline -J-lead  (SOJ)  package  with 
LOC  design 


3  CHIP  SURFACE  DAMAGE 

In  the  LOC  package,  the  lead  frame  is  mounted  to 
the  polyimide  coated  chip  surface  by  a  double  side 
adhesive  tape.  Dynamic  random  access  memory  (DRAM) 
packages  with  LOC  structure  exhibited  the  surface 
damage  during  temperature  cycle  test.  An  example  of  the 
observed  surface  damage  is  shown  in  fig.2  The 
polyimide,  passivation,  and  metal  line  were  fractured  by 
mechanical  stress  induced  by  the  thermal  expansion 
mismatch  between  the  different  packaging  materials.  In 
most  of  the  samples,  the  damage  was  localized  at  the 
lower  comer  of  the  tape  edge,  as  illustrated  in  the  cross- 
section  in  fig3.  It  is  believed  that  polyimide  micro¬ 
cracking  occurred  primarily  at  the  tape  edge, 
subsequently  propagating  through  the  nitride/oxide  and 
the  metal  lines  during  temperature  cycling 
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4  ASSEMBLY  PROCESS  PARAMETERS 

4.1  Mounting  impact 

Dynamic  stress  simulations  were  performed  to 
determine  if  the  mounting  impact  could  cause  the  surface 
damage.  Finite  elements  model  of  SOJ  devices  were  built 
using  higher  order  (20  nodes)  solid  elements.  A  three 
dimensional  solid  element  formation  consisted  of  20 
nodes  has  been  shown  to  produce  a  reasonably  good 
approximation  of  the  stress  within  chips  even  tough  a 
mesh  size  is  a  little  bit  rough.  Due  to  symmetry  only 
quarter  of  the  device  was  modeled.  These  models 
included  a  chip,  lead  frame,  tape  as  shown  in  fig.4.The 
loading  applied  to  the  model  was  the  mounting  force  of  4 
kg/IC.  The  von-mises  (Sig  E)  stress  values  for  chip 
internal  stress  depended  upon  times  are  shown  in 
fig.5.The  von-mises  stress  is  determined  by  equation  ( 1 ). 


^jI[(C Tl-tr2)2+(t72-cr3)2+(a3-(Tl)2]  (1) 

Where  <71,  02  and  <73  are  principle  stress.  The  highest 
value  of  stress  were  S.2  kg/mm2  at  0.8  E-6  seconds  after 
the  lead  frame  was  attached  to  the  chip  surface.  It  is 
expected  that  this  value  could  not  cause  the  damage,  since 
fracture  strength  above  lOkg/mm 2  was  confirmed  „>'i  the 
passivation,  chip  and  polyimide,  respectively. 


o  5  to 

(E-  S  *ec) 

Fig.  5  Von-mises  stress  depended  on  times 


4.2  Bonding  impact 

In  the  analysis  which  follows  we  examine  the 
dynamic  response  of  finite  element  model,  having  a 
structure  of  lead  frame  mounted  on  the  chip  surface,  a 
bonding  capillary  collided  with  the  lead  frame,  and  shock 
load  of  0.2  kg.  The  model  of  this  bonding  impact  is 
shown  in  fig.6.  Due  to  symmetry,  only  quarter  of  the 
composite  structure  was  analyzed.  It  consisted  of  three 
dimensional  solid  elements  with  20  nodal  points  and 
three  degrees  of  freedom.  The  von-mises  stress  values 
divided  by  times  is  shown  in  fig.7.  It  can  be  seen  that  the 
maximum  stress  (1.2kg/mm2)  occurs  under  a  stitch 
bonding  placement  at  0.8E-6  sec.  It  is  believed  that  this 
stress  could  not  attribute  to  the  surface  fracture. 


Fig.  6  Bonding  impact  mode I 
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Fig.  7  Von-mises  stress  depended  on  times 


5  CHIP  COATING  POLYIMIDE 

5.1  Chemical  stripper  selection 

Two  types  of  polyimides  were  used  to  evaluate 
chemicals  as  tape  stripper,  a  photosensitive  type, 
polyimide  (A),  and  a  non-photosensitive  type,  polyimide 
(B).  Ftg.8  illustrates  the  respective  forerunners  of 
polyimide  (A)  and  (B)  dissolving  in  a  solvent  prior  to 
imide  cyclic  polycondensation  by  thermal  dehydration. 
Half  of  the  wafer  samples  were  coated  with  polyimide  (A) 
while  the  other  half  were  coated  with  polyimide  (B). 
Polyimide  (A)  coated  wafers  were  subsequently  divided 
into  two  process  conditions  as  shown  in  table  1. 
Polyimide  (A)  was  cured  at  390  C  in  a  nitrogen  ambient 
and  an  air  ambient,  respectively,  while  polyimide  (B)  was 
cured  at  350  C  in  the  nitrogen  ambient.  All  of  the  wafers 
were  subsequently  processed  into  chip  samples,  which 
were  bonded  by  a  double-sided  adhesive  tape  with  a  lead 
frame.  Four  types  of  chemicals  were  utilized  as  tape 
stripper  for  removing  the  chip  from  the  tape  with  the  lead 
frame.  The  conditions  for  chemically  stripping  the  tape 
from  the  chips  are  shown  in  table  2. 


The  conditions  were  sulfuric  acid  (40  C  1  hour  and  50  C 
1  hour)  followed  by  water  cleaning,  105  (dimeth  sulfoxide 
and  monoethanol,  alkali  type)  (80  C  1  hour)  followed  by 
acetone  cleaning,  EDA  (ethylene  diamine, 


Cum  oowdtton 

PolyMd* 

CwitifflptfMw* 

Cum  rtnoaptom 

(A) 

390  C 

Mioflu  gw 

(A) 

390  C 

Air 

<B> 

360  C 

9** 

Table  I  polyimide  cure  conditions 


_ _ Sttippw 

Acid 

Altai  iwon-  AoWNorv  Afcai 

Cbamkal 

H2S04 

«• 

Condition 

40  C  x  1  hour 
♦  50Cx  1  tour 

^40Cx3houi»j  80 Cxi  hour 
■'aor. »  i  h«ir  j 

Rinw 

VMritr 

Acaton*  Acetone 

Table  2  Tape  stripper 


alkali  type)  (40  C  3  hours)  followed  by  acetone  cleaning, 
and  104  (dimeth  sulfoxide  and  N-methyl  pyrolidinone,  no 
acid  and  no  alkali  type)  (  80  C  1  hour)  followed  by- 
acetone  cleaning. 

In  order  to  avoid  chemically  induced  polyimide 
cracking,  four  types  of  chemical  tape  stripper  were 
evaluated.  An  example  of  the  polyimide  cracking  induced 
by  chemical  damage  and  mechanical  stress  is  shown  in 
fig-9.  The  occurrence  of  polyimide  cracking  for  each  of 
the  four  different  chemicals  used  in  the  experiments  (as 
determined  with  SEM)  is  shown  in  table  3.  Polyimide  (A) 
coated  chip  cured  in  a  nitrogen  ambient  exhibited  no 
polyimide  cracking  for  the  104  chemical  while  polyimide 
(A)  coated  chip  cured  in  an  air  ambient  was  found  to 
exhibit  no  polyimide  cracking  for  the  EDA  and  the  104 
chemicals.  For  polyimide  (B),  the  occurrence  of 
polyimide  cracking  was  observed  for  the  sulfuric  acid  and 
the  105.  From  stress-strain  characteristics  shown  in  table 
4,  the  tensile  stress  and  strain  break  point  were  15.7 
kg/mra2,  44  %,  16.0  kg/mm2,  43%,  ami  18.5  kg/mm2. 
57%  for  polyimide  (A)  (  a  nitrogen  ambient  and  an  air 
ambient)  and  polyimide  (B),  respectively.  Polyimide  (A) 
cured  in  the  air  ambient 


Fig.  9  Polyimide  cracking 
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Potyvride 

Cure  oomSkon 

H2S04 

106 

EDA 

104 

(A) 

380C,  Nfcogon 

Crack 

Crack 

Crack 

No  crack 

(A) 

300  C.  Air 

No  crack 

No  crack 

No  crack 

No  crack 

<B) 

390,  Nitrogen 

No  crack 

No  crack 

Crack 

Crack 

Table  3  Polyimide  cracking 


Potyimid* 

Cum 

condition 

Teneie 

Strain 

Done* 

_sm 

PFM1 

(A) 

Nitrogen,  300  C 

1$.7kgftnm2 

44% 

ISO 

38 

800 

(A) 

Air,  380  C 

16.0kg/mm2 

43% 

1.42 

37 

3700 

(B) 

Nitrogen,  350  C 

16.5kgftnm2 

57% 

1.40 

40 

800 

Table  4  Polyimide  properties 


was  found  to  exhibit  superior  chemical  and  mechanical 
resistance  as  compared  with  polyimide  (A)  cured  in  the 
nitrogen  ambient,  despite  the  fact  that  both  conditions 
have  similar  bulk  physical  properties.  Furthermore,  the 
air  ambient  leads  to  high  internal  stress  around  the 
interface  between  the  polyimide  (A)  and  the  tape  as 
compared  with  the  nitrogen  ambient,  since  polyimide 
cured  in  the  air  ambient  illustrates  higher  CTE  above  Tg 
than  polyimide  cured  in  the  nitrogen  ambient.  It  is 
believed  that  polyimide  cracking  is  caused  primarily  by 
chemical  damage.  The  density  of  polyimide  (A)  cured  in 
the  nitrogen  and  air  ambient  was  1.39  and  1.42, 
respectively.  Difference  in  densities  is  attributed  to  a  three 
dimensional  structure  of  the  polyimide  molecule.  (8 J 
Based  on  the  results  of  the  experiments,  the  104  chemical 
was  used  as  tape  stripper  which  eliminates  the  polyimide 
damage  related  to  chemical  attack. 

5.2  Polyimide  cracking 

Half  of  various  polyimide-coated  chip  samples 
mounted  on  the  lead  frame  were  stripped  from  the  lead 
frame  using  the  104  chemical  without  causing  chemically 
induced  polyimide  damage  while  the  other  half  of  the 
samples  were  decaped  to  observe  whether  or  not  chip 
surface  damage  occurs  after  encapsulation  subsequent  to 
temperature  cycle  tests.  The  polyimide  mechanical 
property  was  determined  from  the  tensile  tests.  Fig.  10 
illustrates  polyimide  mechanical  energy  which  is  an  area 
under  stress-strain  curved  based  on  the  tensile  mechanical 
test.  The  polyimide  mechanical  energy  is  typically 
determined  by  a  yield  point,  elastic  modulus  and  a  broken 
point  of  polyimide  during  the  tensile  test.  The  mechanical 
energy  is  given  by  equation  (2).[9-10] 

\S  6ds 

(2) 


mechanical  energy  of,  or  exceeding  ,  575  kg/mm 2 
exhibited  no  polyimide  cracking  after  the  samples 
mounted  on  the  lead  frame  were  stripped  from  the  lead 
frame  using  the  104  chemical.  Fig.  12  depicts  the 
relationship  between  polyimide  cracking  and  the  chip 
surface  damage  after  temperature  cycle  tests.  If  no 
polyimide  cracking  occurred,  no  surface  damage  was 
observed  This  experiment  has  revealed  that  the 
temperature  cycle  performance  of  the  LOC  package  is 
determined  largely  by  the  polyimide  properties, 
specifically  the  polyimide's  resistance  to  cracking.  The 
results  of  a  non-linear  stress  simulation  model  of  the  LOC 
package  are  shown  in  fig.  13.  A  fine  mesh  was  used  at  the 
lower  corner  of  the  tape  edge  to  improve  the  resolution  in 
this  area.  The  simulation  results  suggested  that  a 
polyimide  having  more  than  15.0  kgfmm2  of  fracture 
strength  and  a  40  %,  or  greater,  elongation,  eliminated 
polyimide  cracking  and  surface  damage.  These  values  of 
fracture  strength  and  elongation  corresponded  to  a 
polyimide  mechanical  energy  of  575  kg/mm2.  Simulation 
and  experimental  results  have  revealed  that  the  degree  of 
surface  damage  is  determined  by  the  polyimide 
mechanical  energy,  and  that  a  mechanical  energy  of  at 
least  575  kg/mtn2  is  required  to  eliminate  polyimide 
cracking. 


Where  S  is  stress,  and  S  is  strain.  Fig.  1 1  exhibits  the 
relationship  between  polyimide  cracking  and  the 
polyimide  mechanical  energy.  Polyimides  with  a 


Fig.  1 1  Mechanical  energy  and  polyimide  cracking 


6  LOC  TAPE 


Two  types  of  LOC  tapes  were  used  to  evaluate  chip 
surface  damage.  Table  5  exhibits  the  respective  properties 
of  LOC  tapes,  CTE  (coefficient  of  thermal  expansion,  E 
(elastic  modulus),  thickness  and  delta  temperature 
ranging  from  tape  attached  temperature  to  -65  (°  C)  In 
order  to  accentuate  the  effect  of  LOC  tapes,  the  potyimide 
(mechanical  energy  260  kg/mm2)  was  used.  All  the 
samples  were  encapsulated  in  small  outline  J-lead  (SOJ) 
packages.  After  encapsulation,  all  the  packages 
underwent  a  temperature  cycling  test  (-65  -  150  °C).  The 
occurrence  of  surface  damage  was  determined  by 
Scanning  electron  microscopy  (SEM). 
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B 
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Table  5  LOC  tape  properties 


The  values  of  chip  strain,  e,  is  given  by  equation  (3). 
Where  El  and  E2  (20000  kg/mm2)  are  elastic  modulus 
for  the  tape  and  chip,  respectively,  al  and  oc2  (2.5  ppm  1/ 
°C)  are  respective  CTE  for  the  tape  and  chip,  AT  is  delta 


temperature  during  the  tape  attached  process  cool  down  to 
-65s  C,  ThI  and  Th2  are  thickness  for  the  tape  and  chip 

£  _  £<tt  -  ft) A TTh  (3) 

£  Th  +  £  Thi 

Fig.  14  illustrates  the  chip  strain  as  a  function  of 
temperature  cycles  (Log  N  )  for  the  surface  damage  It 
was  confirmed  that  the  occurrence  of  surface  damage 
related  failures  was  linear  from  2.4  to  3.5.  The  results  of 
these  characterization  reveals  that  higher  strain  lead  to 
lower  cycles  related  failures.  To  eliminate  the  surface 
damage,  the  value  of  chip  strain  should  be  decreased 
down  to  lower  one,  using  smaller  values  of  CTE, 
thickness  and  delta  temperature. 


during  temp  cycle 

7.  MOLD  COMPOUND 

The  impact  of  mold  compound  on  the  occurrence 
of  surface  damage  was  investigated  with  the  experimental 
matrix  illustrated  in  table  6.  Three  types  of  mold 
compound  with  several  CTE  were  investigated.  260 
kg/mm2  of  mechanical  energy  for  the  polyimide  was 
used.  All  samples  were  encapsulated  in  SOJ  packages  and 
subsequently  underwent  temperature  cycles.  After  the 
samples  were  decapcd,  the  surface  damage  was  observed 
by  SEM  The  surface  damage  was  typically  observed  to  be 
caused  by  delamination  between  the  tape  side  and  mold 
compound.  The  occurrence  of  delamination  was  related  to 
different  thermal  expansion  between  the  tape  and  mold 
compound. 


Mold  compound 

CTE  (E- 5 1/C) 

Elastic  modtius  (Kg/mm2) 

A 

0.8 

2200 

6  . 

1.0 

1800 

c 

1.2 

1400 

Table  6  Mold  compound  properties 


The  impact  of  varying  properties  of  mold  compound  was 
investigated  by  the  solution  of  following  equation  for  the 
magnitude  of  chip  surface  strain  and  stress  leading  to 
polyimide  change  from  elastic  to  plastic  region.  The 
strain  el  for  the  tape  and  chip,  t2  for  the  tape  and  mold 
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compound,  and  e3  for  the  chip  and  mold  compound  are 
obtained  by  equation  (4),  (5)  and  (6),  respectively.  The 
strain  e4  for  the  chip  at  the  lower  comer  of  tape  edge  is 
calculated  In'  equation  (7). 


_  E,«Xt- 

ad  at  Thr  W, 

(4) 

( EcThc 

+  Et  Thri  Wc 

..  Erl  a.  - 

or,) at  Thr  Wr 

(5) 

lEnTh* 

+  Et  Thr)  Wr 

_  £.10,- 

Oc>AT  Thr  Wh 

(6) 

i  Eh  Thr 

*  Ec  The)  Wc 

e.  -  &  +  &  -  e,  <7> 

Where  Et  (900  Icg/mm2),  Ec  (20000  kg/mm2)  and  Ex  are 
elastic  modulus,  a,  (10  ppm  l/°c),  etc  (2.5  ppm  l/°c),  and 
ocm  are  CTE,  Thr  (0.1  mm).  The  (0.23  mm)  and  Thx  (1.0 
mm)  are  thickness,  Wt  (3.0  mm),  Wc  (5.0  mm)  and  Wu 
(2.0  mm)  are  width,  and  AT  is  temperature  for  the  tape, 
chip  and  mold  compound,  respectively.  The  polyimide 
stress  8  is  determined  by  equation  (8).  The  polyimide 
stress  8,  in  Y  direction  is  given  by  equation  (9). 

<r  =  &  Ec  Th/Th  (8) 

a>  =  <9) 

Where  K1  is  the  polyimide  stress  intensity  at  the  tip  of 
delamination  between  the  tape  side  and  mold  compound, 
x  is  the  polyimide  plastic  region  at  the  tip  of 
delamination,  and  Th,  is  the  polyimide  thickness.  Sy  is 
similar  to  the  yield  point,  8Y,  of  polyimide.  The  length, 
r*  of  polyimide  plastic  region  is  almost  equal  to  x.  r,  is 
determined  by  equation  (11). 

(T,  -  (T,  -  x  -  r,  <10) 


Fig.  15  exhibits  the  length  of  plastic  region  of  polyimide 
for  the  surface  damage  during  temperature  cycles  (Log 
N).  From  the  length  of  plastic  region  in  conjunction  with 
the  surface  damage  related  failures,  it  is  evident  that 
larger  plastic  region  leads  to  lower  cycles  related  failures. 


Temc  cycle  (LOG  N) 

Fig.  15  Length  of  plastic  region  and  surface 
damage  during  temp  cycle 


8.  CONCLUSION 


The  results  of  these  experiments  and  simulation 
suggest  that  the  chip  surface  damage  and  polyimide 
cracking  in  LOC  packages  is  determined  primarily  by  the 
polyimide  mechanical  energy  based  on  stress-strain  curve, 
properties  of  the  LOC  tape  and  mold  compound.  It  is 
evident  that  polyimide  micro-cracking  occurred  primarily 
at  the  tape  edge  caused  by  the  tape  shrinkage,  followed  by 
propagating  through  the  nitride/oxide  and  the  metal  line 
during  temperature  cycling.  The  improved  mechanical 
loughness  of  polyimide  and  the  optimized  properties  of 
the  tape  and  mold  compound  reduce  the  probability  of  the 
chip  surface  damage  and  polyimide  cradling  in  the  LOC 
package 
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SUMMARY 

From  traditional  assumptions  and  simplifications, 
different  attitudes  towards  electrostatic  discharges 
(ESD)  in  present  microelectronics  have  been  deve¬ 
loped.  The  central  question  remains,  which  level  of 
ESD-susceptibilky  and  which  level  of  costly  exter¬ 
nal  protection  measures  is  needed  to  limit  yield  los¬ 
ses  and  potential  reliability  risks  for  integrated  cir¬ 
cuits.  This  paper  addresses  influences,  links  and 
current  trends  in  protection  design  and  ESD-test  in 
the  context  of  ESD-snsceptibUity  of  integrated  cir¬ 
cuits.  One  focus  will  be  the  Charged  Device  Model 
(CDM). 

THE  "SURVEY  ON  CRITICAL  RELIABILITY  IS¬ 
SUES  IN  EUROPE"1  ranked  Electrostatic  Discharge 
(ESD)  among  the  top  three  problems  for  present  and 
future  generations  of  integrated  circuits.  For  micro¬ 
electronics.  ESD  means  that  differences  in  the  electro¬ 
static  potential  of  two  bodies  result  in  fast  to  ultra-fast 
(  10...  10'10s)  current  transients  passing  sensitive 
structures  of  integrated  circuits  and/or  raising  hazar¬ 
dous  internal  voltages.  These  "Real  World"  events 
may  occur  in  various  situations,  simplified  to  the  Hu¬ 
man  Body  Model  (HBM)2,  Machine  Model  (MM)3 
and  Charged  Device  Model  (CDM)4,3.  If  a  certain 
threshold  of  stress  is  exceeded,  ESD  may  cause  diffe¬ 
rent  physical  failure  signatures.  Technological  and  de¬ 
sign  measures  help  to  protect  and  harden  the  sensitive 
structures.  However,  these  measures  may  often  collide 
with  requirements  for  functional  or  reliability  perfor¬ 
mance  and  a  given  chip  size  or  circumference.  The 
stress  models  HBM,  MM  and  CDM  were  implemen¬ 
ted  in  ESD-testers  to  quantify  the  suscepdbilty  by 
means  of  simulated  ESD-events.  From  internationally 
standardized  test  methods6  including  the  calibration  of 
the  tester  we  would  expect  tester  independent  correla¬ 
ted  failure  thresholds  to  decide  between  two  products 
and  to  tailor  external  and  internal  protection  efforts. 
However,  even  for  HBM  with  its  moderate  double  ex¬ 
ponential  discharge  current  and  time  constants,  this  is 


still  not  satisfactory7,8.  However,  it  is  improving  by 
means  of  a  more  precise  definition  of  the  discharge 
characteristic9.  For  faster  transients  Idee  the  CDM,  the 
interaction  between  device  and  tester  becomes  even 
more  complex  and  the  progress  of  the  know-how  is  di¬ 
rectly  related  to  the  most  advanced  metrology10.  The 
fact  that  some  types  of  failures  are  only  reproduced  by 
CDM-stress  and  that  good  HBM-susceptibility  does 
not  necessarily  indicate  sufficient  CDM-results  -  and 
vice  versa  -  calls  for  the  application  of  at  least  two 
stress  models10,11.  One  question  to  be  answered  re¬ 
mains,  whether  MM  adds  information  to  the  HBM  re¬ 
sults,  or  addresses  the  same  physical  failures  at  a  lo¬ 
wer  failure  voltage. 

This  paper  is  intended  as  a  brief  survey  of  different 
factors,  links  and  trends  (Fig.l)  that  should  be  conside¬ 
red  in  the  context  of  ESD- susceptibility. 


Fig.  I:  Influences  on  the  electrostatic  susceptibility  of  integrated 
circuits  to  obtain  an  equivalent  physical failure  signature 

Instead  of  its  evolution  for  specific  product  groups  or 
technologies,  we  will  discuss  principles  and  examples 
for  the  different  issues  of  Fig.l  aiming  at  application 
oriented  protection  and  circuit  designs  and  better  cor- 
relatable  ESD-tests.  Because  of  its  increasing  impor¬ 
tance  associated  with  automated  handling  and  larger, 
thinner  packages,  one  focus  will  be  on  ultra-fast  tran¬ 
sient  CDM. 
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REAL  WORLD  ESD 


PHYSICAL  FAILURE  SIGNATURES 


Objects  may  be  charged  electrostatically  by  contact 
electrification  or  by  field  induction.  The  first  means 
that  two  bodies  of  different  work  functions  in  intimate 
contact  are  se penned  leaving  excess  electrons  on  the 
body  with  the  higher  work  function  and  empty  traps  at 
the  other.  Friction  is  not  mandatory,  but  increases  the 
charge  transfer.  This  effect  depends  too  much  on  the 
actual,  non-ideal  surface  status,  to  trust  the  tri bo- 
elec  trie  series  for  charge  generation  of  materials  . 
The  field  induced  charging  of  a  body  requires  a  sur¬ 
rounding  electrostatic  field  and  the  process  of  contact 
and  separation  with  another  non-insulalive  body  on  a 
different  electrostatic  potential  to  allow  a  transient 
flow  of  mobile  charge  from  one  body  to  the  other.  In 
particular,  one  body  may  be  either  the  “hot"  pole  of  a 
voltage  source  or  "earth".  The  first  is  commonly  called 
"direct  pre-charge",  the  latter  "discharge".  According 
to  Poisson's  Law,  the  overall  distribution  of  mobile 
and  immobile  charges  in  a  system  results  in  the  elec¬ 
trostatic  field.  However,  only  mobile  charge,  e.g.  on 
the  lead  frame  of  a  device  or  a  person,  contributes  to 
the  hazardous  discharge  current. 

In  "Real  World",  we  may  find  numerous  objects,  such 
as  persons,  cables,  machine  parts,  containers,  bags,  de¬ 
vice  packages  and  lead  frames,  which  become  contact 
(tribo-)  charged  even  by  dust  particles.  The  differences 
of  mobile  and  immobile  charge  are  neutralized  via  va¬ 
rious  or  no  paths,  which  depend  on  the  field  strength 
and  the  environment,  e.g.  the  humidity  and  ion  con¬ 
tents  of  the  air.  and.  of  course,  the  external  ESD- 
protective  measures.  The  maximum  amplitude  of  the 
current,  which  may  be  most  hazardous  to  integrated 
structures,  is  reached  at  minimum  resistance.  Access 
to  the  stress  parameters  pre-charge  voltage  and  di¬ 
scharge  current  may  be  rather  difficult  for  "Real 
World"  situations,  and  the  reproducibility  of  experi¬ 
ments  employing  contact  charging  may  be  considered 
to  be  weak. 

Trampon  Charged  body  of 


Human  Body  Charged  Device  Fieidinduclkm 


Fig.  2 :  Some  “Real  WorleT  ESD*vena 

Nevertheless,  the  analysis  of  the  physical  failure  sig¬ 
natures  (FMA)  of  yield  losses  and  customer  returns 
together  shows  up  to  approximately  60%  significant 
ESD  and  electrical  overstress  (EOS)  failures1*’14.  Sig¬ 
nificant  means,  they  are  reproducible  by  simulated 
EOS  and  ESD,  e.g.,  in  an  ESD-tester. 


Devices  failing  electrical  criteria,  which  will  be  dis¬ 
cussed  later,  during  parametric  or  functional  tests  are 
de processed  to  identify  the  physical  failure  signature. 
The  localization  of  the  physical  failure  is  done  by 
means  of  liquid  crystal  thermography,  light  emission 
microscopy  or  electron  beam  testing,  sometimes  in 
combination  with  laser  cutting.  Non  of  the  methods  is 
able  to  cover  all  types  of  defects.  Depending  on  the 
type  and  level  of  ESD  or  electrical  overstress  (EOS), 
as  well  as  the  design13,  we  may  find  burned-out  me¬ 
tal,  burned -out  pn-junctions  (Fig.3.  left),  contact 
spikes  or  ruptured  gate  oxides  (Fig.3,  right)  by 
means  of  an  optical  or  electron-optical  inspection. 
Combinations  of  them  cannot  be  excluded. 


Fig  3:  Melt  channel  in  burned-out  junction  (left)  and  ruptured 
gate  oxide  in  input  buffer  (right) 


The  reproduction  of  these  physical  failure  signa¬ 
tures  is  the  conditio  sine  qua  non  of  the  experimental 
simulation.  Numerical  simulation  may  assist  to  tailor 
the  experiment  and  to  indicate  power  distribution  and 
voltage  clamping  in  the  ESD-relevant  high-current  do¬ 
main. 


SIMULATED  WORLD  ESD 

ESD-testers  shall  emulate  real  events  under  reprodu¬ 
cible  conditions  and  allow  an  easy  and  fast  stressing  of 
large  numbers  of  devices  and  pins. 

For  this  purpose,  the  various  real  events  are  reduced 
to  few  representative  "Stress  Models”:  Human 
Body  Model  (HBM),  Machine  Model  (MM)  and 
Charged  Device  Model  (CDM).  They  are  characteri¬ 
zed  by  the  discharge  current  over  time  for  specific  (oh¬ 
mic)  loads3'6,5-16.  When  an  ideal  lumped  element  mo¬ 
del  (Fig.4)  is  assumed,  effective  values  of  resistor  R, 
inductor  L  and  capacitor  C  (Tab.l)  may  be  found  that 
allow  us  to  calculate  the  discharge  current  waveform. 
Tab.l  distinguishes  the  different  models  by  means  of 
the  key  stressors5. 


discharge  currents  for  typical  SkV  HBM.  500V  MM  and 
500V  COM  discharge 


Stress  model 

HBM 

MM 

CDM 

C/pF 

100 

m 

10 

L/nH 

10000 

750 

2.5 

R/12 

1500 

10 

10 

Stress  at  load  Rd  =100  @  V 

ESD=S00V 

-Oscillating 

No 

1) 

1) 

-Rise  time/ns 

Slfl 

<10 

0.1 

-1/e-Decay  time/ns 

ifO 

<100 

1 

-Peak  current/ A 

0.3 

6.5 

14 

-Peak  power/W 

0.9 

400 

2000 

-Energy,  dissipated  /pJ 

0.08 

!3 

0.63 

-Energy,  stored  /pJ 

12.5 

2.5 

1.25 

Tab.  I :  Standardized  and  typical  parameter  values  for  simplified 
RLC-circuits  of  HBM.  MM,  COM  (FigJ) 

II  Depends  on  L.  R  and  breakdown  voltage  of  protection 
device 

We  may  learn  from  these  strongly  simplified  circuits: 

•  The  major  part  of  the  energy  stored  on  the  HBM- 
capacitor  is  dissipated  in  the  1500Q-HBM- 
resistor  and  cannot  heat  the  stressed  structure 
(load); 

•  HBM-resistor  and  load  resistor  form  a  voltage  di¬ 
vider.  The  resulting  voltage  may  even  stress  the 
field  oxide; 

•  When  low  additional  non-linear  circuit  resis¬ 
tances  (switch,  protection  device)  may  be  assu¬ 
med,  the  1 S00C1 -resistor  quasi-forces  the  HBM 
discharge  current; 

•  Current  levels  of  HBM  are  reached  at  signifi¬ 
cantly  lower  MM-voltages  (here: 
vhbm=22vmm)- 

•  The  rise  and  decay  times  of  HBM  and  MM  are  in 
the  same  domain.  CDM-putses  have  by  two  or¬ 
ders  shorter  rise  and  decay  times; 

•  For  equivalent  voltage,  the  MM  and  CDM- 
currents  are  one  order  above  the  HBM-current.  In 
our  resistive  structure,  the  peak  power  increases 


with  the  square  of  the  current  (P=I»R).  Therefo¬ 
re,  the  CDM-peak  power  reaches  up  to  the  kW 
domain  followed  by  the  MM; 

•  The  higher  capacitance  (200pF)  of  the  MM  stores 
approximately  20  times  the  energy  (W=0.5CV*) 
of  the  CDM-case.  A  large  amount  of  this  energy 
has  to  be  dissipated  in  the  resistive  structure. 

However,  if  we  "implement*  these  simplified  ideal 
stress  models  HBM,  MM  and  CDM  in  a  tester  and 
stress  devices,  the  actual  discharge  current  results  from 
more  or  less  complex  interactions  between  the  tester 
that  is  not  an  ideal  RLC-circuit  and  the  device.  Typical 
tester  parasitics  studied  up  to  now  are  the 
capacitance  of  the  test  board  in  the  discharge  path 
7.8.17,18  ^  ,he  background  capacitance  behind  the 
device10'17,  the  capacitance  and  arc  resistance  in  the 
discharge  relay7  and  the  non-zero-resistance  and  in¬ 
ductance  in  MM7.  In  addition,  it  should  not  be  over¬ 
looked  that  the  interconnects  in  a  real  tester  are  exten¬ 
ded  structures  and,  thus,  very  fast  transients  may 
travel  along  these  'quasi*  transmission  lines  and  be  re¬ 
flected  at  each  impedance  discontinuity10'1*.  The  fas¬ 
ter  the  transients  become,  e.g.  CDM,  the  more  impor¬ 
tant  is  this  view. 

It  is  obviously  a  non  trivial  challenge  to  match  two 
testers  of  principally  different  designs  to  be  able  to 
apply  the  same  quantity  of  stress  to  an  integrated 
structure  on  the  oasis  of  the  same  pre-charge  voltage. 
Rise  time  dependent  switching  mechanisms  (=  dV/dl- 
iriggering  of  SCRs  and  NMOS/Bipolar  transistors 
l0-17)  in  the  device  make  the  situation  even  worse. 

For  HBM,  the  high  15000-source  impedance  implies 
reasonable  correlation.  However,  the  important  test- 
board  capacitance  is  shortened  in  the  MIL-standard6 
characterization  procedure  and  thus  neglected.  An  ad¬ 
ditional  characterization  with  a  500Q-load  resistor  has 
been  introduced  by  the  ESD-Associalion's  HBM- 
siandard9  that  will  probably  be  adopted  by  ANSI  and 
MIL. 

The  bad  correlation  for  MM  that  was  originally  inten¬ 
ded  in  Japan  as  a  super-tough  HBM  results  from  the 
absence  of  defined  resistance,  inductance  or  even  the 
waveform19.  The  ESD-Association  is  working  on  an 
improved  MM-standard.  too.  While  in  Japan  MM 
may  be  dropped  and  replaced  by  HBM  in  near  future, 
it  seems  to  be  mainly  promoted  by  automobile  indus¬ 
try  were  electrical  overstress  from  low-impedant  sour¬ 
ces  is  common. 

The  ultra  fast  (<100ps)  rising  current  transients  make 
CDM  correlation  extremely  difficult.  Whether  corre¬ 
lation  can  be  achieved  for  CDM,  depends  on  the  de¬ 
sign  principles  of  the  testers  and  their  characterization. 
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The  ESD- Association's  CDM -draft  standards  distin¬ 
guishes  in  first  order  by  ..<e  type  of  discharge  switch 
(ambient  air=nor  contact  "nc"  or  relay  =contact  "c*") 
and  in  second  order  by  the  futuring  (socketed  s*  or 
non-socketed  ns)16.  The  commonly  used  classification 
"robotic"  or  "socketed"  is  traditional  but  of  limited  sig¬ 
nificance. 


Fig.  5:  Typical  robotic  (nc.  ns)  (left)  and  socketed  (cs) 

CDM -tester  (right)  with  charge  stored  on  the  device  or 
the  test  board.  Three  further  combinations  of  fixture  and 
switch  exist. 

Comparative  studies20,21  demonstrate  indeed  a  funda¬ 
mental  lack  of  failure  threshold  voltage  correlation 
between  the  different  design  principles.  The  differen¬ 
ces  in  failure  voltage  exceed  the  spread  between 
devices  tested  on  the  same  tester.  Rather  acceptable 
correlation  is  obtained  in  most  cases  for  robotic  (ncdis) 
testers.  In  general,  socketed  testers  and  their  individual 
test  adapters  dominate  over  the  device  related  influen¬ 
ces.  in  particular  the  device  capacitance.  This  results  in 
very  reproducible  discharge  current  waveforms  in  the 
whole  stress  voltage  range.  In  (ncris)  testers,  the  de¬ 
vice  should  dominate  the  discharge  (Fig.6).  and  the 
discharge  current  may  be  in-situ  measured  tw  means 
of  a  low-inductive,  resistive  current  monitor22.  Howe¬ 
ver.  robotic  testers  that  establish  the  discharge  via  a 
closing  air  gap  suffer  from  the  spread  of  the  discharge 
spare  for  voltages  above  lkV2  .  if  the  current  is  not 
monitored. 


Fig.  6:  Discharge  current  waveforms  measured  for  (Efferent 
devices  at  250V  demonstrate  the  device  influence  in  a 
(nc.  ns)  robotic  tester .  The  ", Dead  Bug' -capacitance  C 
Of  1  Mil:  refers  to  the  method  explained  in 

CDM-events  and  typical  physical  failure  signatures 
gain  importance  with  automatic  handling  and  increa¬ 
sing  device  capacitances  (TSOP,  UTSOP)16.  In  our 
studies10,11,  they  were  reproduced  by  robotic  as  well 
as  socketed  testers.  This  work  was  and  will  be  exten¬ 


ded  to  further  devices  and  testers21.  As  a  rough  rule, 
CDM  withstand  voltages  below  500V  indicate  very 
sensitive  devices  that  may  fail  during  manufacturing 
or  automatic  handling.  Up  to  now  no  CDM  field  failu¬ 
res  have  been  seen  for  devices  with  withstand  voltages 
exceeding  1500V  and  discharge  currents  of  tens  of 
Amperes  in  a  robotic  tester. 

METROLOGY 

The  characterization  of  all  ESD- testers  and  the  in-situ 
study  of  stress  parameters  at  a  device  demands  a  well- 
calibrated  metrology  for  pre-charge  voltage,  capaci¬ 
tance  and  transient  discharge  current.  Components  of 
metrology  chain  are  the  oscilloscope,  the  cables 
and  attenuatois,  and  last  but  not  least  the  current 
probe.  This  may  either  be  a  current  transducer  for  all 
systems  employing  a  test  socket  or  a  low-inductive, 
coaxial  resistor  for  non-contact  CDM-testers22.  Fur- 
theron,  we  need  calibrated  pulse  sources,  test  modules 
(capacitances)  and  load  resistors  to  calibrate  and  verify 
the  tester  performance  in  terms  of  maximum  current, 
rise  time,  decay  time  and  ringing.  The  squares  of  the 
single  component  rise  times  sum  up  to  approximately 
the  square  of  the  total  system.  The  higher  the  system 
rise  time  is  in  comparison  to  the  pulse  rise  lime,  the  lo¬ 
wer  the  measured  peak  current  becomes.  Therefore, 
the  lowest  performing  part  limits  the  measured  rise 
time  and  peak  current  performance  of  the  total  sy¬ 
stem!  However,  we  have  to  distinguish  the  errone¬ 
ously  measured  values  from  the  actual  device 
stress.  A  step  by  step  method  for  non-contact,  non- 
socketed  testers  is  suggested  in  Fig.  7  to  10  and  fur¬ 
ther  detailed  in  10,1  *. 

While  for  HBM  and  MM,  a  350MHz  (rise  time  <lns) 
metrology  chain  should  be  sufficient,  the  spearhead  of 
technology  is  reached  capturing  ultra-fast  CDM- 
transienis  (rise  time  <  lOOps).  For  CDM  we  should 
talk  about  rise  limes  and  real  amplitudes  and  calibrate 
the  total  metrology  step  by  step  by  means  of  adequate 
pulses,  because  of  the  possible  non-linear  characteris¬ 
tic  of  each  system  component.  We  should  keep  in 
mind  that  an  error  expressed  by  only  ldB.  means  an 
error  of  12%. 

Besides  the  weak  correlation  of  CDM-lests.  one  major 
acceptance  problem  seems  to  be  the  investment  and 
use  of  this  most  advanced  metrology.  Because  we 
have  to  obey  the  laws  of  nature,  the  final  goal  of  re¬ 
search  work  should  be  to  establish  -  on  a  physical  ba¬ 
sis  -  a  common  agreement  of  the  minimum,  practica¬ 
ble  effort  required  to  identify  weak  designs  by  a  corre- 
latable  method.  However,  this  means  to  study  first  the 
complex  interactions  in  detail  before  the  limits  should 
be  loosened  or  lightened. 
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Svstem  interfaces 


Fig  7:  Metrology  chain  for  robotic  CDM -tester  with  temporary- 

used  fully  symmetrical  500-adapter  in  front  of  the 
resitive  current  probe 


Fig  < 


Medium  voltage  characterization  of  the  metrology  at 
system  interfaces  A.  B  and  C  (fig.  7) 
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Fig  y  TLP -pulse  calibration  of  the  resistive  current  probe  at 
interface  D  of  fig. 8  in  a  face-to-face  50Ci-environment 

a)  JOQ— attenuator  Vm=attenualion*Vel2 

b)  I  JOlQ-current  monitor 


‘CDM 
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Fig.  10:  Characterization  of  the  performance  of  a  CDM -tester  by 
means  of  the  discharge  of  a  4pF-test  module  employing  a 
calibrated  metrology  chain.  The  dottet  waveform  esti¬ 
mates  the  pulse  response  of  a  400MHz  oscilloscope  to 
this  pulse.  Pulse  amplitudes  *p  to  10 A  and  risetimes 
below  lOOps  were  measured  under  similar  conditions. 
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ESD  FAILURE  MECHANISMS 

An  ESD  FAILURE  MECHANISM  shall  be  conside¬ 
red  as  the  ESD-induced  process  leading  from  a  func¬ 
tional  start  condition  to  the  physical  failure  signature. 
Inhomogeneities  in  current  or  field  distribution  beco¬ 
me  the  seed  for  the  physical  failure  signatures,  as  soon 
as  certain  stress  thresholds  are  exceeded  for  a  certain 
period.  These  inhomogenities  result  from  process  and 
topologic  parameters,  the  individual  layout  of  the 
(protection-)  structure  and  the  contacts  between  the 
different  metallization  layers. 

In  the  first  phase  of  the  failure  mechanism,  local  inho- 
tnogeneities  increase  locally  the  electrical  field 
strength.  The  insulative  properties  of  the  reverse  bia¬ 
sed  junction  or  the  dielectric  layer  break  down  at  these 
points  first  and  current  heats  up  the  spot.  The  follo¬ 
wing  mechanisms1"  may  be  ilistingished: 

•  Power*time  induced  failures  mainly  of  the  re¬ 
verse  biased  junction  according  to  the  empirical 
Wunsch-Bell  model 

•  Contact  spiking  (ETM  electro  thermo  migration) 
which  relates  to  the  energy  dissipated  at  a  nearby 
junction  or  directly  at  the  contact  interface. 

•  Electrical  field  strength*time  related  dielectric 
breakdown 

If  the  thermal  carrier  generation  rate  exceeds  the  do¬ 
ping  level,  thermal  runaway  occurs.  At  the  external 
terminals  we  see  a  negative  differential  resistance.  If 
sufficent  energy  is  dissipated  in  this  volume,  the  se¬ 
cond  breakdown  with  a  melting  of  the  junction  fol¬ 
lows.  If  aluminium  without  contact  barrier  is  located 
close  to  this  heated  junction,  at  525°C  an  eutectic  Al- 
Si-spike  may  form  and  eventually  cause  a  short  to  the 
substrate.  However,  while  for  pulses  in  the  HBM  and 
MM-domain  the  heal  front  travels  about  3pm,  it  re¬ 
mains  quasi-local  in  the  adiabatic  CDM-domain  of 
few  ns.  In  general,  forward  biased  junctions  are  less 
critical,  because,  the  heated  volume  is  not  confined  to 
the  depletion  zone  of  the  junction.  The  physical  signa¬ 
ture  reaches  from  some  small  "notches"  below  the  gate 
edge  to  significant  melt  channels. 

Another  power* time  =  energy  related  failure  is  the  fu¬ 
sing  of  metallization  in  particular  at  topologic  steps. 
However,  there  is  no  minimum  breakdown  threshold 
of  the  electrical  field  and  a  failure  indicates  that  the 
metallization  layout  is  weaker  than  the  pn-structures  in 
the  pa tli. 

The  dielectric  breakdown  is  understood  as  the  result 
of  charge  flowing  through  the  oxide  and  partially 
being  trapped  there.  If  a  critical  amount  of  trapped 
charge  is  exceeded,  the  oxide  breaks.  However,  this 
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time  dependent  dielectric  breakdown  theory  seems  to 
be  disputable  for  the  CDM-typical  lime  domain  of  less 
than  Ins.  We  would  like  to  suggest  the  following  qua¬ 
litative  approach:  A  collective  of  electrons  is  trapped 
at  the  interface  between  silicon  and  oxide,  preferably 
at  points  with  thinner  oxide  (e.g.  at  the  bird's  beak).  If 
the  field  strength  becomes  sufficently  high,  the  traps 
are  emptied  at  the  same  time.  If  they  can  build  up  an 
avalanche  on  their  way  through  the  oxide,  the  current 
increases  exponentially.  Additional  energy,  mainly 
stored  on  the  gate  capacitor,  may  melt  a  small  conduc¬ 
tive  channel  into  the  oxide.  To  obtain  a  permanent 
conduction,  silicon  from  the  gate  or  substrate  must  be 
molten  in  addition  and  driven  by  the  electrical  current 
through  this  channel.  The  conductive  status  of  this  fi¬ 
lament  may  change  in  a  wide  range  between  open  and 
short  by  means  of  consecutive  electrical  stress2’. 

Systematic  differences  in  the  failure  thresholds  for  the 
gate  oxide  breakdown  of  similar  active  structures  on 
the  same  chip,  however,  with  a  different  metallization 
layout  could  be  an  indication  for  ’antenna’  effects24 
in  plasma  processes. 

We  should  generally  keep  in  mind  that  the  degree  of 
inhomogeneily  introduced  by  minor  technological  va¬ 
riations  may  have  a  significant  influence  on  the  failure 
threshold  and,  thus  result  in  a  band  of  failure  thres¬ 
holds  on  the  same  tester,  which  may  even  exceed  the 
differences  from  tester  to  tester.  However,  one  goal 
of  the  protection  scheme  design  is  low  sensitivity  to 
such  technological  parameters. 

FAILURE  CRITERIA  AND  THEIR 
THRESHOLDS 

Electrical  failure  criteria  are  used  to  decide,  whether 
the  device  is  fully  operational,  degraded  sut  still 
operational  according  to  the  parametric  and  functional 
specifications  in  the  data  sheet,  or  faulty.  Typically, 
the  thresholds  may  be  set  by  the  data  sheet  to  absolu¬ 
te  values  or  on  application  specific  demands. 

To  test  pins  with  output  drivers  they  need  first  to  be 
brought  into  a  proper  functional  condilon  (High-Z, 
High,  or  Low)  before  e.g.  leakage  or  voltage  levels  can 
be  checked. 

The  power  supply  current  in  the  stand-by  mode  Iddq 
may  increase  or  a  series  of  test  vectors  are  reqired  to 
power  the  faulty  circuit  node  first.  However. 
vnr/vWleaka8e  between  guard  rings  not  necessarily 
indicates  a  reliability  problem,  but  may,  e.g.,  limit  the 
batlery  life  time  of  mobile  systems25. 

If  thresholds  that  are  more  sensitive  than  the  data  sheet 
specifications  are  required,  pure  inputs  without  pull- 
ups  or  pull-downs  may  be  tested  for  absolute  leakage 
thresholds.  Otherwise,  a  combination  of  absolute  and 


relative  thresholds  with  respect  to  the  virgin  device 

or  a  full  parametric  lest  has  to  be  used. 

The  reliability  issue  of  low-level  leakage  or  parame¬ 
tric  degradation,  which  may  have  different  causes,  is 
discussed  very  controversially  and  needs  further  detai¬ 
led  investigation.  Possible  explanations  are: 

•  Charge  trapping  at  the  oxide  interface 

•  Minor  notches  at  the  pn- junction  or  the  gate  edge 

•  Ruptured  gate  oxides 

However,  if  gate  oxides  are  ruptured  -  indicated  by 
leakage  currents  in  the  order  of  100nA@5.5V  &  FMA 
-  and  any  additional  electrical  overstress  may  drive 
current  through  these  conductive  filaments,  a  possible 
yield  reduction  on  system  level  or  even  a  reliability 
hazard  is  indicated  at  least  for  inputs11-23.  This  minor 
level  of  leakage  would  currently  no r  be  considered  as  a 
problem  for  digital  circuits,  where  leakage  tolerances 
up  to  10pA@7V  may  be  found.  In  particular,  CDM 
causes  such  degradations. 

Leakage  currents  up  to  some  pA  often  show  a  signifi¬ 
cant  "cold’’  and  "warm'’  healing  effect"-16-21.  Ho¬ 
les  in  the  oxide  remain,  while  trapped  charges  may  de¬ 
trap  during  this  process  and  leave  the  device  in  a 
quasi-virgin  slate.  Therefore,  despite  the  practical  pro¬ 
blems,  the  devices  should  be  tested  as  soon  as  possible 
after  the  ESD-stress.16 

Low  level  leakage  of  protection  or  output  transistors 
may  even  vary  from  stress  pulse  to  stress  pulse. 
Therefore,  we  may  find  several  "passes"  after  "fails", 
before  a  catastrophic  failure  occurs  in  a  step 
stress26-27. 

Virtual  miscorrelation  may  result  from  different,  ho¬ 
wever,  not  communicated  definitions  of  the  input  vol¬ 
tage  for  leakage  tests,  the  power  and  e.g.  the  chip 
eneable  status.  In  general,  devices  can  sustain  higher 
stress  if  the  input  voltage  is  set  to  e.g.  0.6V  instead  of 
the  maximum  input  voltage.  However,  setting  the  in¬ 
put  voltage  next  to  the  breakdown  voltage  of  the  junc¬ 
tion  results  in  the  highest  sensitivity  but  may  already 
pre-stress  the  protection  element.  Therefore,  the  stan- 
dard3'9,16  requires  a  test  according  to  the  full  data 
sheet. 

PROTECTION  SCHEME 

Protection  elements  shall  provide  a  fast  turn-on,  low- 
ohmic  shunt  path  for  the  discharge  current  to  clamp 
dangerous  voltages,  before  gate  oxide  or  output  tran¬ 
sistor  are  damaged.  The  protection  elements  must  also 
be  able  to  withstand  sufficient  energy  themselves. 
Low  trigger  and  hold  voltages  support  both.  To  reach 
these  features,  often  different  protection  elements  are 
combined  into  a  protection  structure.  From  the  dis- 
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cusssion  of  the  stress  models,  it  is  clear  that  HBM  and 
MM  are  two-terminal  (pin)  events,  while  the  "Real 
World“-CDM  affects  only  one  pin.  The  discharge  cur¬ 
rent  is  on-chip  conducted  on  the  power  rails.  Therefo¬ 
re,  the  power  rails  are  an  important  part  of  the  total 
protection  scheme.  Their  width  should  be  maximized. 
Protection  is  also  demanded  between  all  power  supply 
rails.  We  would  like  to  call  this  system,  including  out¬ 
put  transistors,  a  "Protection  scheme". 

Over  200  patents  (28  references  in  12)  have  been  filed 
in  this  area,  considering  the  following  fundamental 
functional  building  blocks: 

•  Protection  elements  intentionally  active  during 
EOS/ESD 

(diode,  zener-diode,  thick-oxide  transistor  equiva¬ 
lent  to  a  lateral  npn,  vertical  npn,  SCR) 

•  Capacitive  suppression 

•  Parasitic  "protection"  elements  not  intended 
to  become  active  during  ESD 

(guard  ring  transistors  and  SCRs.  output  SCRs. 
internal  paths) 

•  Functional  elements  active  during  regular  ope¬ 
ration  and  EOS/ESD 

(output  transistor,  pull-up.  pull-down,  decoupling 
resistor,  power  busses) 

While  highly  efficient  protection  structure  designs 
have  been  developed  for  inputs,  which  were  traditio¬ 
nally  most  vulnerable  to  ESD  due  to  their  small  di¬ 
mensions  and  thin  gate  oxides,  the  weak  spots  are 
now  the  outputs  and  the  protection  between  the  in¬ 
creasing  number  of  power  rails27'8.  Analog  and 
ultra-fast  pins  have  always  been  very  vulnerable. 

Internal  parasitic  "protection"  elements  or  the  metalli¬ 
zation  may  fail  at  lower  failures  tresholds,  because 
they  are  not  designed  to  carry  the  amount  of  ESD  or 
EOS  current28.  Alternatively,  they  may  increase  the 
hardness,  especially  for  advanced  CMOS  and  bipolar 
processes,  if  guard  ring  or  output  SCRs  trigger  under 
ESD-conditions.  This  effect  may  raise  the  failure 
threshold  even  if  background  capacitance  is  added 
(socketed  CDM-testers)  .  However,  it  is  difficult  if 
not  impossible  to  predict,  which  of  the  possible  struc¬ 
tures  triggers.  Due  to  dV/dl-characteristics,  the  ESD- 
path  may  vary  significantly  from  the  less  problemati¬ 
cally  accessible  JEDEC-latch-up  path.  In  advanced 
technologies,  the  lateral  dimensions  are  shrunk  and 
thus  the  probability  to  build  unintended  "protection" 
elements  increases.  A  high  susceptibility  with  respect 
to  layout  or  process  parameter  jitter  may  thus  be  ex¬ 
pected  and  we  would  like  to  recommend  avoiding  pa¬ 
rasitic  paths. 

ESD-susceplibility  and  latch-up  performance  are  in  a 


close  relation  for  bipolar  and  CMOS-lechnologies  and 
SCR-structures.  When  the  ESD- hardness  is  increased, 
the  latch-up  immunity  drops. 

The  definition  of  withstand  voltage  goals  for  different 
stress  models  is  obviously  not  a  simple  task  and  will 
be  always  disputable.  However,  it  is  needed  to  identi¬ 
fy.  or  belter  avni '  -  is.  Many  discussions 

with  our  indusi.  our  own  experience 

suggest  that  neiiluo  ; ...  nor  field  returns  are  ESD- 
dominated  for  devices  that  withstand  2kV  HBM, 
300V  MM,  and  lkV  non-contact,  non-socketed 
CDM.  State-of-the-art  ESD-precautions  must  be  ap¬ 
plied.  However,  this  should  not  imply  none  of  these 
devices  could  fail  from  ESD. 

A  modular  ESD-hardening  approach29  32  helps  to 
obtain  the  required  ESD-performance  by  more  syste¬ 
matic  means.  It  employs  an  ESD-test  chip  that  already 
accompanies  process  development.  It  starts  with  single 
protection  elements  and  critical  structures  and  ends-up 
with  a  full  device-specific  protection  scheme. 

Therefore,  from  first  silicon  in  a  new  technology,  all 
possible  basic  ESD-protection  elements,  output 
transistors  and  potential  parasitic  structures  should 
be  investigated  for  their  high-current,  turn-on  and  lea¬ 
kage  characteristics  (ESD  and  Latch-Up).  Furtheron, 
the  development  of  leakage  should  be  evaluated  in  a 
reasonable  stress  current  range  from  low-level  up  to 
maximum  tolerable  leakage  or  short.  Step  stress  harde¬ 
ning  effects  have  to  be  considered  during  this  procedu¬ 
re.  While  the  high-current  characteristic  is  evaluated 
by  means  of  transmission  line  pulsing29,  the  turn-on 
behaviour  for  non-destructive  repetitive  pulses  may 
be  investigated  by  means  of  electro-optical  sampling33 
and  electron  beam  testing34.  The  tendency  to  current 
filamentation  is  indicated  if  the  current  does  not  linea- 
rily  scale  with  the  transistor  width  and  finger  count. 
The  design  flexibility  of  such  structures  should  be  in¬ 
creased  in  varying  design  parameters,  ideally,  in  com¬ 
bination  with  the  development  of  device  and  compact 
circuit  simulation  models17.  At  the  present  state-of- 
the-art,  simulation  allows  to  interpolate  results  to 
adapt  the  protection  to  specific  needs.  The  remaining 
problem  is  the  lateral  current  filamentation.  This  may 
call  for  larger  safety  margins  in  simulation. 

The  second  step  is  to  combine  the  elements  to  protec¬ 
tion  structures  meeting  the  application  specific  para¬ 
metric  as  well  as  ESD-demands  and  considering  po¬ 
tential  interferences  between  the  single  elements. 

The  third  step  is  to  arrange  them  at  suitable  positions 
and  connect  them  via  very  low-ohmic  power  busses.  A 
second  test  chip  with  simple  functional  blocks  and  ty¬ 
pical  power  bus  routing  should  be  designed  to  double 
check  the  protection  scheme. 


This  modular  concept  is  valid  to  develop  general  as 
well  as  very  specific  design  guidelines  for  HBM,  MM 
and  CDM  protection.  Well-protected  devices  with¬ 
stand  CDM  peak  currents  of  some  tens  of  Amperes  re¬ 
sulting  from  pre-charge  voltages  of  1.5kV  and  more, 
while  less  protected  devices  fail  already  at  less  than 
2A  and  pre-charge  voltages  below  500V,  which  may 
be  reached  during  manufacturing. 

We  are  aware  of  earlier  experience  with  bad  transfera¬ 
bility  of  HSD-single  protection  element  performance 
to  the  ESD-susceptibility  of  functional  devices.  Ho¬ 
wever,  the  recent  findings  of  the  system  interactions 
and  the  advanced  characterization  techniques  may 
again  motivate  this  approach. 

Great  advances  in  the  understanding  and  optimization 
of  tum-on  and  current  distribution  over  the  cross  sec¬ 
tion  of  the  device  may  be  expected  from  transient 
electro-tbennal  device  simulation,  if  the  parameters 
are  extracted  in  the  relevant  current  and  time  domains 
and  lateral  current  filamentation  by  accident  may  be 
excluded.  Considering  output  transistors,  their  snap- 
back  trigger  and  hold  voltage  may  be  optimized  with 
respect  to  hot  carrier  degradation.  32 

Circuit  simulation  may  assist  to  optimize  the  protec¬ 
tion  scheme.  The  tum-on  of  complex  structures  and 
the  resulting  power  distribution  as  well  as  the  system 
interactions  between  ESD-tester  and  device  are  studied 
l7-18.  However,  significant  effort  in  modeling  and  pa¬ 
rameter  extraction  is  still  needed  to  reach  the  final  goal 
of  a  universal  design  tool  for  application  specific  ESD- 
protection. 

APPLICATION 

The  application  may  introduce  special  limitations  to 
leakage  current  e.g.  <lnA  for  analog  pins.  Reference 
pins  inay  not  tolerate  significant  series  resistance.  A 
demanded  current  and  VLO  defines  the  maximum  out¬ 
put  resistance.  This  is  the  series  resistance  of  (he  out¬ 
put  transistor  and  the  optional  decoupling  resistance, 
which  shall  ensure  the  major  current  flow  through  an 
optional  additional  protection  element27.  Decoupling 
resistors  are  used  in  input  protections  as  well.  Howe¬ 
ver,  system  considerations  in  particular  speed  may  li¬ 
mit  the  RC-constants  of  the  output  as  well  as  of  the  in¬ 
put. 

TECHNOLOGY 

The  traditional  myth  that  MOS-devices  are  much  more 
sensitive  to  ESD  than  bipolar  devices,  is  not  attributa¬ 
ble  to  a  specific  author  and  has  lost  its  value  complete¬ 
ly  for  the  small  structures  of  advanced  bipolar  techno¬ 
logies. 

Each  technology  provides  different  opportunities  to 


realize  protection  elements.  In  most  cases  "parasitic' 
effects  such  as  bipolar  action  of  an  NMOS-uansistor 
or  triggering  of  an  SCR  in  a  CMOS-iechnology  have 
been  empirically  "cultivated"  to  obtain  an  optimum 
protection  performance.  When  a  constant  energy  to 
failure  and  a  constant  current  are  assumed,  the  high- 
current  voltage  drop  across  the  element  determines  its 
withstand  time. 

Two  major  process  innovations  have  aimed  at  im¬ 
proved  hot  electron  reliability  and  speed,  but  have  in¬ 
creased  ESD-problems  significantly,  supporting  late¬ 
ral  current  filamentation.  These  are  lightly  doped 
drains  (LDD)  and  silicided  junctions. 

For  the  LDD-output  and  protection  transistors,  the 
a  3... 5pm  spacing  between  drain  contacts  and  gate 
edge  has  improved  the  lateral  homogeneity  of  the  cur¬ 
rent  below  the  gate  edge.  Additional  deeper  implanta¬ 
tions  in  the  peripheral  circuits  have  optimized  the 
drain  profile  for  ESD27-32. 

The  silicided  junctions  of  sub-micron  technologies, 
where  the  RC-constants  of  metallization  plays  an  im¬ 
portant  role,  eliminate  this  additional  drain  resistance. 
The  result  are  unpredictably  low  failure  thresholds.  An 
additional  mask  may  be  used  to  block  the  salicidc  in 
the  output  range  . 

A  local  compensation  of  the  process  step  that  is  nee¬ 
ded  for  the  core  of  the  circuit  is  an  expensive  solution. 
However,  in  combination  with  an  EPI-substrate,  pro¬ 
tection  elements  with  a  vertical  current  flow  may  gain 
advantage  over  lateral  devices. 

The  influence  on  future  technologies  has  been  discus¬ 
sed  by  D.Lin36,  S.Voldman37.  In  his  extrapolation  to 
channel  length  0.1pm,  junction  depth  0.05pm  and4nm 
oxide  thickness,  Lin  concludes  that  a  factor  of  10 
shrinkage  in  feature  size  makes  pn-junctions  5  times 
and  gale  oxides  10  times  more  sensitive  to  electrical 
stresses  like  ESD.  Voldman  investigated  a  double  dio¬ 
de  ESD-protection  circuit  for  1.2pm.  0.7pm,  0.5pm 
and  0.25pm  CMOS -technology  on  EPI-substrate. 
Technologies  below  1pm  were  fully  salicided.  The 
ESD-suceptibilily  dropped  for  his  technology  bench¬ 
marking  ESD-protection  circuit  from  9kV  to  3kV 
HBM.  Both  authors  employed  a  combination  of  expe¬ 
riment  and  numerical  simulation  for  their  forecast. 

A  common  view  is  thal  thinner  gate  oxides  and  smal¬ 
ler  junction  dimensions  lead  to  an  increased  ESD- 
sensitivity. 

STATISTICAL  ASPECT 

A  statistical  aspect  of  ESD-susceptibility  associated 
with  pin  count  and  package  size  should  be  considered, 
too. 
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For  present  processors  and  application  specific  logic 
devices,  the  number  of  multi  purpose  pins  including 
output  structures  increases  to  above  512.  When  the  na¬ 
tural  spread  of  the  failure  thresholds  is  considered,  the 
tested  HBM-failure  class  may  drop  for  this  specific 
device. 

However,  from  a  system  point  of  view,  the  total  num¬ 
ber  of  HBM-ESD-failures  per  system  assembly  may 
drop  due  to  the  reduced  number  of  components  and 
manual  handling  steps. 

Nevertheless,  device  capacitances  increase  with  larger 
and  thinner  packages  while  the  feature  sizes  are  sca¬ 
led.  Together  with  an  increased  degree  of  automation, 
this  may  lead  to  an  increased  number  and  financial  va¬ 
lue  of  CDM-degraded  devices. 

CONCLUSIONS 

•  ESD  damage  is  a  result  of  complex  interactions 
between  the  tester  (environment)  and  the  device, 
in  particular,  its  protection  scheme,  leading  to 
problems  of  correlation  and  a  possible  misinter¬ 
pretation  of  the  results. 

•  The  process  of  ESD-hardening  and  ESD-testing 
should  not  be  seen  as  the  "pig  tail"  of  chip  de¬ 
sign,  because  of  its  evidently  close  relation  to  all 
development  steps.  The  earlier  the  different  ex¬ 
perts  are  involved  in  the  process  and  the  better 
the  exchange  of  information  is,  the  more  reliable 
and  the  less  expensive  the  final  solution  should 
be.  One  important  point  is  the  development  of  the 
common  glossary. 

•  Discharge  current  should  be  regarded  as  the 
major  stressor  in  all  stress  models  HBM,  MM 
and  COM.  Voltage  thresholds  may  become  dis¬ 
putable,  if  the  defined  current  is  not  forced  by  the 
impedance  of  the  tester  ( e.g.  RHBM  =  1 .5kfl). 

•  ESD-tests  in,  at  least,  two  time  and  current  do¬ 
mains  -  fast  transient,  medium  current  HBM  and 
ultra-fast  transient,  high-current  CDM  -  on  the 
basis  of  existing  standards  are  urgently  recom¬ 
mended  to  identify  all  ESD-weak  designs. 

•  In  particular  for  CDM,  reliable  and  testable  failu¬ 
re  criteria  are  mandatory  to  distinguish  between 
reliability  relevant  and  non-relevant  low  level  lea¬ 
kage. 

•  Outputs,  input-outputs  and  analog  pins  tend  to 
limit  the  ESD-susceplibilily  of  modem  devices. 

•  Major  problems  are  large  spreads  of  failure 
thresholds  associated  with  NMOS-thin  oxide 
devices  resulting  from  current  filamentation  due 
to  inhomogeneities.  Silicided  junctions  reducing 
the  drain  resistance,  as  well  as  lightly  doped 
drains  (LDD)  increase  the  tendency  towards  cur¬ 
rent  filamentation. 


•  In  advanced  technologies,  protection  elements 
may  reach  lower  clamping  voltage  levels  that  re¬ 
duce  power  dissipation  in  the  device  and  stress 
across  the  gate  oxides.  However,  junctions  and 
gate-oxides  become  more  sensitive,  too. 

•  Advanced  protection  elements  are  fast  enough 
to  achieve  sufTicent  CDM-protection. 

•  A  modular  ESD-hardening  approach  starts 
with  the  systematic  design  and  experimental  eva¬ 
luation  (high-current,  turn-on)  of  single  protec¬ 
tion  and  other  peripheral  elements  in  the  relevant 
domain  and  ends  with  a  device  and  application 
specific  protection  scheme.  Step  by  step,  guide 
lines  are  improved  for  further  designs. 

•  State-of-the-art  calibrated  device  and  circuit  si¬ 
mulation  should  support  the  experimental  work 
to  reduce  the  number  of  design  variations  and  to 
study  (he  interaction  between  device  and  tester 
for  the  different  stress  models  supporting  the 
standardization  of  ESD-testers. 

•  To  achieve  correlation  of  ESD-tests,  we  need 
criteria  for  the  characterization  of  ESD-testers 
with  an  optimum  selectivity  range  that  is  small 
enough  to  ensure  correlation  for  different  protec¬ 
tion  schemes,  but  sufficemly  wide  to  allow  com¬ 
petitive  test  system  approaches. 

•  CDM-current  metrology  is  at  the  spearhead  of 
the  present  technology.  Therefore.  CDM-lester 
characterization  becomes  a  real  challenge. 

•  The  improvement  of  the  metrology  and  the  mo¬ 
delling  of  the  fast  and  ultra-fast  breakdown 
mechanisms  of  junctions  and  dielectrics  are 
mandatory  to  avoid  an  ESD-limited  yield  for 
ULSI-devices  and  sub-systems. 

•  The  physics  of  ESD  and  semiconductors  is  the 
same  all  over  the  world,  therefore,  we  are  convin¬ 
ced  that  further  focused  international  cooperation 
and  research  is  the  only  way  to  establish  inter¬ 
national  standards  serving  the  needs  of  custo¬ 
mers  as  well  as  device  and  tester  manufacturers. 
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ABSTRACT 

Correlation  problems  for  HBM-ESD  testing  result 
from  the  complex  interaction  between  device  and 
tester.  The  HBM  stress  of  different  wed- 
characterized  testers  II]  is  applied  to  protection 
elements.  By  means  of  circuit  simulations  and 
in-situ  measurements,  snapback  and  second  break¬ 
down  during  HBM  are  investigated.  For  fast  tran¬ 
sient  events,  a  new  transmission  line  approach  of 
the  tester  improves  the  correlation  between  experi¬ 
ment  and  simulation. 


1.  Introduction 

It  is  not  sufficient  to  know  the  HBM  failure  thresholds 
of  certain  protection  devices  t>  >  meet  the  demands  for 
good  ESD  performance  of  a  current  technology.  The 
major  demands  are  fast  turn-on  behaviour,  effective 
voltage  clamping,  current  carry  ng  and  high  ESD  hard¬ 
ness.  However,  we  also  need  to  know  if  e.g.  a  protec¬ 
tion  structure  with  a  high  HBM  ESD  threshold  provi¬ 
des  a  good  tum-on  behaviour  as  well.  Even  for  the 
HBM  time  domain,  "conservative"  with  respect  to 
CDM,  only  the  knowledge  of  the  transient  behaviour 
of  a  protection  device  may  confirm  the  ideas  of 
voltage  clamping  capability,  switching  behaviour  and 
failure  models. 

It  is  the  objective  of  this  paper  to  study  the  behaviour 
of  protection  devices  during  HBM  stress  and  the  inter¬ 
action  between  HBM  tester  and  ESD-protection 
devices. 


First  we  consider  and  characterize  the  HBM  tester  as 
an  isolated  system.  Then  compact  models  for 
protection  elements  are  presented.  A  correlation  study 
is  performed  to  point  out  the  influence  of  tester  parasi- 
lics  [3],  [4]  on  the  HBM  thresholds  of  real  devices.  For 
a  deeper  insight  into  HBM  testers,  we  present  a  setup 
for  in-situ  current  and  voltage  measurements  and  its 
calibration.  This  setup  is  used  to  investigate  the  tran¬ 
sient  behaviour  of  protection  diodes  and  transistors  du¬ 
ring  HBM  stress.  The  results  are  confirmed  by  numeri¬ 
cal  circuit  simulations. 


2.  Advanced  characterization  of 
IIBM-ESD  testers 


2.1  The  4th  order  lumped  element  model 

A  lumped  element  model  as  an  equivalent  for  HBM 
ESD  testers  (fig.  1)  was  presented  by  L.  van  Roozen- 
daal  et  al.  [3],  This  4th  order  lumped  element  model 
(LEM)  was  solved  analytically  and  an  analytical  fit¬ 
ting  method  was  developed  by  K.  Verhaege  et  al.  [4] 
to  extract  the  element  values  from  measured  current 
pulse  data  (short  and  500Q  load).  Deviations  between 
the  nominal  precharge  voltage  and  the  actual  peak  cur¬ 
rent,  from  which  the  4th  order  LEM  extraction  method 
re-calculates  an  effective  precharge  voltage,  are  con¬ 
sidered  by  a  correction  factor  k. 

Recommendations  to  improve  tester  specifications 
suppressing  the  main  parasitic  -  the  test  board  capaci¬ 
tance  -  were  also  given  in  [4], 
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Fig  I :  The  HBM-ESD  tester  equivalent  containing 
the  HBM  elements  and  the  main  tester 
parasitics  131.  [ 4 ]. 

The  stability  and  the  convergence  behaviour  of  the  4th 
order  LEM  method  were  proved  with  a  study  of 
reduced  observation  periods  of  the  measured  pulses. 
Figure  2  shows  the  relative  deviations  of  the  element 
values  related  to  their  final  values  for  different 
periods.  It  reveals  clearly  that  it  is  sufficient  to  consid¬ 
er  an  observation  period  of  the  pulse  of  not  more  than 
200ns. 

The  method  is  now  used  as  a  tool  for  detailed  HBM 
tester  characterization. 
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Fig.  2:  Convergence  behaviour  of  the  different 
lumped  elements.  Sufficient  accuracy  is 
achieved  for  an  observation  period  of  about 
200ns. 


2 2  Influence  of  the  test  board  capacitance 

The  amount  of  the  test  board  capacitance,  one  of  the 
most  important  parasitic  tester  elements  related  to 
snapback  devices,  was  studied  at  one  certain  tester  (re- 
fering  to  T3  in  [4])  for  different  pin  combinations  of  a 
DIL48  socket.  The  results  of  the  dynamic 
characterization  method  using  the  4th  order  LEM  were 
compared  to  a  method,  where  the  test  board  capaci¬ 
tance  was  determined  from  the  static  charge  by  means 
of  a  Keithley  Model  617  system  (fig.  3). 

The  test  board  capacitance  is  split  in  two  pans,  A  and 
B.  Part  A  results  from  the  motherboard  of  the  tester, 
pan  B  from  the  circuitry  behind  the  relevant  relay  S  of 


the  switching  matrix.  However,  since  S  cannot  be 
closed  regularly  during  the  static  measurement,  pan  B 
can  only  be  addressed  via  the  common  ground,  which 
means  that  pin  A  and  B  must  not  be  changed. 


Fig.  3:  Measurement  setup  for  the  determination  of 
the  sialic  test  board  capacitance. 

The  measurement  was  performed  by,  first,  charging  up 
the  test  board  to  a  known  voltage  (V).  second,  dis¬ 
charging  it  into  the  calibrated,  internal  capacitor  of  the 
electrometer  to  measure  the  total  charge  stored  on  the 
board  (Q).  Then  the  capacitance  could  be  determined 
easily  given  the  relation  C  =  Q/V.  The  results  are  de¬ 
picted  in  figure  4.  It  reveals  clearly  that  the  test  board 
capacitance  has  to  be  considered  as  dynamic  and 
effective  for  HBM  stress.  This  effective  capacitance  is 
only  valid  in  the  HBM  time  domain  but  thus  very  val¬ 
uable.  The  capacitances  gained  by  the  static  method 
were  distinctly  higher.  However,  the  correlation 
among  characteristic  pin  combinations  due  to  different 
on-board  wiring  was  confirmed. 


Fig.  4:  Test  board  capacitances  gained  by  the  4th 
order  LEM  method  [4]  for  the  HBM-ESD 
relevant  time  domain  in  comparison  to  a 
static  method. 


Depending  on  the  type  of  tester,  its  particular  test 
board  and  its  capacitances,  a  detailed  investigation  of 
characteristic  pin  combinations  should  be  taken  into 
consideration.  However,  for  the  tester  data  of  figure  4. 
all  distinctions  in  the  capacitances  extracted  by  the  4th 
order  LEM  method  are  within  a  well-acceptable 
spread. 

2_5  Tester  characterization  for  different  precharge 
voltages 

For  a  final  characterization,  the  dependence  was  meas¬ 
ured  between  the  nominal  and  the  effective  precharge 
voltage  recalculated  by  the  actual  pulse  (fig.  S).  For 
the  lkV  standard  calibration  pulse,  the  factor  k  was 
determined  by  0.96  and  also  considered  in  the  numeri¬ 
cal  simulations.  As  depicted  in  figure  5,  there  are  only 
some  slight  deviations  in  the  region  above  l.SkV.  The 
actual  DC-precharge  voltage  of  the  HBM  capacitor  is 
almost  slightly  higher  than  the  nominal  precharge 
voltage.  Therefore,  losses  in  the  tester  due  to  electro¬ 
magnetic  radiation  in  the  discharge  path  ate  con¬ 
sidered.  By  means  of  the  difference  between  the  actual 
and  the  effective  precharge  voltage,  these  losses  were 
determined  up  to  7%. 
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Fig.  5:  Correlation  between  nominal  HBM 

precharge  voltage  and  voltage  extracted  by 
HBM  pulse  measurements. 


3.  Improved  compact  models  for  single 
protection  elements 

Compact  electro-thermal  models  were  developed  for 
single  protection  diodes  and  snapback  nMOSFETs  [5], 
16]  to  use  within  the  circuit  simulator  SABER1. 

The  non-linear  high  current  IV-characteristics  of  the 
protection  elements  were  gained  by  rectangular  pulses 
with  an  automated  transmission  line  pulser  [7]  setup 
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(TLP)  at  quasi-static  conditions. 

Efforts  were  made  for  improved  numerical  stability  in 
the  calculation  of  the  highly  non-linear  IV- 
characteristics.  The  usage  of  the  models  with  regard  to 
parameter  input  and  output  of  internal  model  quan¬ 
tities  was  improved.  Now  the  models  also  contain  the 
ability  for  scaling  some  relevant  device  geometry 
parameters  aiming  at  the  deve  lope  mem  of  a  tool  for 
design  optimization. 

The  models  contain  a  behavioural  description  of  the 
failure  due  to  second  breakdown. 

Both  the  diode  and  the  transistor  model  were  verified 
successfully  [5]  with  HBM  experiments  for  the  a 
stable  industrial  technology  (1.0pm  CMOS)  consid¬ 
ered  in  this  paper,  too. 

3.1  Protection  diode 

The  high  current  IV-characteristics  of  reverse  biased 
protection  diodes  differ  strongly  from  the  static  break¬ 
down  voltages.  We  achieved  a  good  correlation  with 
the  TLP  measurements  (fig.  6)  by  describing  the 
behaviour  of  the  diode  in  the  avalanche  conducting  re¬ 
gime  (Vd  >  Vb.  Vfa  breakdown  voltage)  with  an  empir¬ 
ical  approach  [6],  It  is  assumed  that  the  slope  of  the 
IV-characteristic  is  a  linear  function  of  the 

voltage  given  by 

dV,  .  . 

yf.Xt+Al i(Vd-Vb) 
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Thus  the  current  through  the  diode  can  be  described  by 
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Fig.  6:  IV-characteristic  and  ntodeling  of  a  typical 
ESD  protection  diode. 


3.2  Protection  transistor 

The  transistor  model  describes  the  static  and  dynamic 
behaviour  of  parasitic  bipolar  transistors  utilized  as 
ESD  protection  elements.  The  IV -characteristics  were 
studied  by  means  of  TLP  measurements  (fig.  7).  Thus 
it  contains  both  turn -on  mechanisms,  the  snapbaclc 
phenomenon  and  the  dV/dt-triggering  effect  which 
was  verified  experimentally  by  fast  transient  measure¬ 
ments  with  an  electron  beam  prober  by  R.  Kropf  et  al. 
[8]  and  by  means  of  electro-optical  sampling  tech¬ 
niques  by  J  Jt.M.  Luchies  et  al.  [9]. 
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Fig.  7:  IV -characteristic  and  modeling  of  a  typical 
ESD  protection  nMOSFET. 


4.  Comparison  of  HBM-ESD  testers: 
influence  of  the  test  board  capacitance 

A  set  of  single  ESD  protection  p*pn*  diodes  was  used 
to  demonstrate  the  considerable  influence  of  the  test 
board  capacitance  on  HBM  failure  thresholds. 

In  general,  this  influence  may  appear  in  very  different 
ways: 

1.  There  are  integrated  circuits  which  do  not  show 
any  influence  at  all  [4],  The  results  of  all  testers 
correlate.  This  may  occur,  e.g.  for  relatively  low 
resistive  diodes  with  a  good  voltage  clamping  be¬ 
haviour.  The  damping  effect  of  the  pulse  via  the 
test  board  capacitance  is  neglectible. 

2.  The  higher  the  test  board  capacitance  values  are, 
the  lower  the  HBM  thresholds  of  snapback  transis¬ 
tors  are  due  to  additional  stress  caused  by  the  sud¬ 
den  discharge  of  that  capacitance  at  snapback  [4], 

3.  The  higher  the  test  board  capacitance  values  are, 
the  higher  the  HBM  thresholds  are  due  to  the 
damping  of  the  HBM  pulses.  Sensitive  devices  are 
e.g.  relatively  high  resistive  diodes  enabling  the 
damping  effect  of  the  test  board  capacitance. 

4.  The  deformation  and  damping  of  the  pulse  by  the 
test  board  capacitance  could  address  another 


failure  mechanism.  However,  this  speculation  still 
has  to  be  proved. 

Four  devices  of  each  diode  type  were  stressed  in  three 
different  HBM  testers  with  a  wide  variety  of  test  board 
capacitances.  The  applied  failure  criterion  was 
lpAt®5V.  As  was  found  by  previous  HBM  stress 
tests,  the  spreads  of  the  HBM  failure  thresholds  of 
each  device  type  were  little.  This  ensured  that  already 
four  devices  gave  significant  results. 

Figure  8  depicts  the  experimental  HBM  failure  thresh¬ 
olds  and  compares  them  to  the  HBM  results  simulated 
numerically.  The  numerical  simulations  taking  into 
account  the  entire  test  system  [10]  were  performed 
with  all  relevant  tester  parasitics  determined  by  [4], 
The  simulations  confirm  this  significant  dependence  of 
the  HBM  threshold  on  the  test  board  capacitance, 
although  the  simulated  results  were  lower  than  the 
measured  HBM  thresholds. 
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Fig.  8:  HBM  results  for  a  set  of  protection  diodes. 

(The  tester  numbers  T2.  T3.  T9  refer  to  /4/) 

We  attributed  the  lower  simulated  thresholds  to  the  se¬ 
lection  of  the  failure  criterion  in  the  numerical  simula¬ 
tion.  Failure  parameters  (power  to  failure)  could  be 
taken  only  from  100ns  transmission  line  pulses.  Since, 
for  the  setup  used,  it  was  impossible  to  determine  the 
relevant  parameters  from  a  power  profile  [11],  [12], 
[13],  it  did  not  seem  efficient  to  apply  the  original 
Wunsch-Bell-model  [14]  for  a  fit  of  the  failure  para¬ 
meters. 

Therefore,  we  decided  on  the  following  approach:  We 
now  compare  the  energy  dissipated  in  the  device  up  to 
100ns  during  an  HBM  pulse  with  that  dissipated  du¬ 
ring  the  100ns  transmission  line  ptefail  pulse.  This 
gives  us  a  rough  estimation,  where  the  relevant  failure 
parameter  might  be  somewhere  inbetween  energy  and 
power. 

Promising  results  are  depicted  in  figure  9.  The  trend 
towards  the  dependence  on  the  test  board  capacitance 
is  confirmed  here  very  well.  The  HBM  thresholds 
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achieved  by  the  new  failure  criterion  point  clearly 
toward  the  experimental  results.  Moreover  the  relative 
differences  between  the  failure  thresholds  of  different 
devices  tested  on  the  same  tester  become  clearer. 

HBM  vokafB  (frc-toD  fV] 


Fig.  9:  Simulation  using  a  new  failure  criterion  with 
the  objective  to  give  a  zero  order 
approximation  with  respect  to  the 
Wunsch-Bell-modcl  [14]  (the  simulated 
thresholds  of  figure  8  are  shown  welt). 

Future  work  will  be  done  with  an  extended  setup  of 
the  transmission  line  pulser  which  enables  us  to  gain 
power  profiles  by  a  set  of  different  pulse  lengths.  A 
waveform  conversion  algorithm,  which  was  presented 
by  D.  Pierce  in  [12]  yielding  a  belter  comparability, 
will  be  implemented  in  the  compact  models,  too. 

5.  Interaction  between  HBM  tester  and 
ESD  protection  devices 

5.1  Measurement  setup 

As  shown  in  the  previous  chapter,  the  HBM  failure 
thresholds  of  the  protection  devices  investigated  on 
different  HBM  testers  were  dominated  by  test  board 
capacitance,  one  of  the  main  tester  parasitics.  For  a 
more  detailed  insight  into  the  transient  behaviour  of 
the  complex  interaction  between  HBM  tester  and  ESD 
protection  devices,  an  approach  was  made  to  measure 
both  the  current  and  the  voltage  during  HBM  stress 
pulses  simultaneously  [15],  [16]. 

As  is  well-known,  particular  in-situ  voltage  measure¬ 
ments  may  suffer  from  electro-magnetic  stray  fields 
coupled  into  the  ground  loop  and  a  voltage  drop  on  the 
shield  of  the  cable  to  the  scope  [17].  They  result  in  a 
low  signai-to-noise  ratio.  Therefore,  we  developed  a 
setup  minimizing  the  parasitics  (fig.  10). 


Fig.  10:  Setup  for  the  in-situ  measurement  of  HBM 
stress. 

The  current  transients  coukl  be  measured  easily  by  a 
Tektronix  CT1  current  probe  inserted  close  to  the 
device  in  the  discharge  path.  An  additional  inductance 
could  be  neglected  due  to  the  very  small  wire  loop. 
The  high  resistance  voltage  probe  (HP  10440A,  100:1, 
10MU/2.5pF)  was  located  close  to  the  device,  too.  The 
ground  lead  inductance  of  the  probe  was  minimized 
using  a  special  probe  socket  instead  of  the  probe 
ground  lead. 

The  setup  is  calibrated  with  current  and  voltage  wave¬ 
forms  with  respect  to  a  50QQ  load.  The  same  low  in¬ 
ductance  SOOfl  CAD  DOCK  type  MG  precision  resis¬ 
tor  as  for  the  4th  order  LEM  method  [4]  was  used. 
Current  and  voltage  transients  were  recorded  by  the 
2*500  MHz  HP541 11  digitizing  oscilloscope  (fig.  11). 
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Fig.  11:  Pulse  forms  of  a  500  ohm  low  inductance 
resistor  for  characterizing  the  setup. 


From  the  "current  vs.  time"  and  the  "voltage  vs.  time" 
data,  a  plot  "current  vs.  voltage"  is  derived  and 
depicted  in  figure  12.  It  shows  good  accordance  to  the 
ideal  500-ohm  slope.  However,  the  currents  (fig.  11) 
tend  to  droop  due  to  a  measurement  artefact  of  the 
CT1  acting  as  a  transducer.  This  leads  to  the  current 
decreasing  faster  than  the  voltage. 


I 

I 

I 


curreol(A) 


Fig.  12:  IV-plot  from  the  waveforms  of  figure  II 
demonstrating  the  accuracy  of  the  setup. 


The  pulses  in  the  HBM  (ester  used  for  these  investiga¬ 
tions  are  tuned  by  a  resistance  and  an  inductance  in 
parallel  at  each  pin  in  order  to  match  the  standards  [1]. 
[2]  (fig.  13).  These  pulse  forming  elements  in  the 
ground  path  were  shortened  via  the  probe  ground  lead, 
the  probe  shield  and  the  scope  ground  causing  some 
vety  small  deviations  with  respect  to  a  reference  pulse 
(fig.  II). 
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Fig.  13:  Circuitry  of  the  motherboard  of  the 
HBM-ESD  tester. 

The  characterization  of  the  setup  demonstrates  that  not 
only  qualitative  but  also  quantitative  statements  can  be 
obtained.  For  low  ohmic  resistors  of  lOfl  and  less  (and 
thus  also  for  the  on-resistances  of  protection  devices) 
the  signal  to  noise  ratio  was  acceptable.  Therefore,  a 
voltage  resolution  of  better  than  1 V  was  achieved. 

The  development  of  a  differential  signal  probe  will  be 
considered  in  future  work  with  respect  to  the  investi¬ 
gation  of  the  rising  edges  of  HBM  voltage  transients. 


5.2  Snapback  devices  under  HBM  stress 

Non-destructive  HBM  pulses  were  applied  to  a  snap- 
back  nMOSFET  (W/L:  122pm/1.0pm)  and  recorded 
by  the  setup  described  in  chapter  5.1.  The  high  current 
IV-behaviour  by  means  of  TIP  measurements  of  this 
device  was  presented  in  figure  7,  chapter  3.1.  The 
voltage  and  current  transients  of  a  200V  HBM  pulse 


applied  to  this  device  are  shown  in  fig.  14.  Snapback 
events  occur  at  the  beginning  and  as  well  at  the  end  of 
the  pulse. 

The  device  was  triggered  within  a  few  nanoseconds 
after  the  pulse  started.  The  triggering  time  was  deter¬ 
mined  by  the  RC-time  constant  of  the  tester  and  the 
input  capacitance  in  conjunction  with  the  turn-on  char¬ 
acteristics  of  the  device.  Immediately,  the  voltage 
dropped  from  breakdown  voltage  vt|  (plus  overshoot 
due  to  ringing)  to  the  hold  voltage  vh  [5],  [8].  This 
snapback  caused  a  discharge  of  the  test  board  capaci¬ 
tance  [4],  which  occ ured  with  a  fast  current  during  the 
rising  edge  of  the  HBM  pulse.  Depending  on  the 
difference  between  breakdown  and  hold  voltage  and 
the  amount  of  test  board  capacitance,  the  sudden  dis¬ 
charge  could  cause  additional  stress  for  the  device. 
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Fig.  14:  Transients  of  an  nMOSFET  during  HBM 

stress:  snapback  events  also  occur  at  the  end 
of  the  pulse. 


For  different  HBM  precharge  voltages,  different  cur¬ 
rents  were  forced  in  the  device  (fig.  15).  Fast  current 
peaks  occurred  all  during  the  HBM  pulses.  However, 
the  lower  the  HBM  pulses  were,  the  more  crucial  the 
discharge  peaks  were.  For  HBM  precharge  voltages 
equal  or  less  than  200V,  the  snapback  current  peaks 
obviously  exceeded  the  proper  HBM  current  maxi¬ 
mum.  This  may  cause  a  severe  problem  if  the  test 
board  capacitance  is  large. 
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Fig.  15:  Current  transients  of  an  nMOSFET  during 
different  HBM  stress  levels. 


At  the  end  of  ihe  HBM  pulse,  when  the  current 
decreased  below  a  certain  hold  current,  the  device 
switched  off  (figs.  14,  15).  It  changed  from  bipolar 
mode  to  blocking  state.  The  remaining  weak  current  of 
the  HBM  pulse  slowly  charged  up  the  test  board  capa¬ 
citance  until  the  triggering  voltage  for  snapback  was 
reached  again  (fig.  14).  The  shape  of  the  charging 
characteristic  was  dominated  by  RHBM  and  Cn3M. 

As  a  consequence,  not  only  the  hold  voltage  vh,  but 
voltages  up  to  the  breakdown  voltage  v,,  would  be 
applied  to  the  device.  Relatively  high  and  fast  current 
peaks  appear  several  times  due  to  the  low  resistive  dis¬ 
charge  of  the  test  board  capacitance.  The 
consequences  this  may  have  on  the  device  before  it  re¬ 
turns  to  its  thermal  equilibrium  are  unkown. 


HBM  failure  detection  was  exactly  within  this  spread. 
Therefore,  it  can  be  concluded  that  the  measurement 
setup  did  not  influence  the  HBM  threshold. 
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Fig.  16:  In-situ  failure  detection  of  an  ESD  protection 
diode  under  HBM  stress:  second  breakdown 
causes  a  voltage  drop  and  a  discharge  of  the 
lest  board  capacitance. 


53  In-situ  failure  detection  during  HBM  stress 

The  measurement  setup  used  for  nMOSFETs  is  then 
applied  to  devices  for  destructive  HBM  stress.  In 
figure  16  the  voltage  and  current  transients  for  an  ESD 
protection  diode  are  depicted. 

The  curves  for  a  precharge  voltage  of  200V  represent 
the  case  of  "moderate"  stress  and  for  260V  the  pre-fail 
case.  When  270V  was  applied  to  the  device  the  occur¬ 
rence  of  second  breakdown  could  be  detected  in-situ! 
As  predicted  by  former  circuit  simulations  [4]  -  [6],  a 
powerful  discharge  current  supplied  by  the  test  board 
capacitance  could  be  observed.  This  additional  stress 
might  even  enlarge  the  electrical  or  physical  failure 
signature. 

Ringing  in  the  transients  appeared  only  for  the  second 
breakdown  case  due  to  the  fast  changes  in  the  current. 
The  failure  threshold  of  this  diode  was  compared  to 
the  thresholds  determined  previously  for  the  same  type 
of  device.  First,  the  devices  showed  only  a  very  little 
spread  in  their  HBM  thresholds  in  general.  Second,  the 
HBM  threshold  of  the  device  taken  for  the  in-situ 


6.  Approach  for  an  HBM-ESD  tester 
model  related  to  fast  transient  events 

6.1  Transmission  line  approach 

For  circuit  simulations  of  the  entire  test  system,  the 
4th  order  lumped  element  tester  model  (fig.  1)  was 
combined  with  both  the  snapback  transistor  model 
(fig.  7)  and  the  diode  model  (fig.  6)  [10J. 

Since  in  the  4th  order  LEM  the  test  board  capacitance 
is  treated  as  a  concentrated  element,  it  may  not  be  suf¬ 
ficient  for  describing  fast  transient  interactions 
between  tester  and  device.  Fast  transient  events  may 
occur  when  e.g.  a  protection  transistor  goes  into  snap- 
back  or  the  voltage  across  a  protection  device  sudden¬ 
ly  drops  due  to  second  breakdown. 

For  this  time  domain,  we  developed  a  tester  model 
with  a  transmission  line  (TL)  approach.  It  uses  dis¬ 
tributed  elements  for  the  test  board  capacitance  and 
partly  for  the  serial  inductance.  The  estimation  of  the 
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Fig  17:  Transmission  line  approach  of  an  HBM  tester 

line  impedance  and  its  capacitance  and  inductance  per  6.2  Application  of  the  tumped  element  model  and 

length  was  performed  by  the  assumption  that  the  the  transmisson  line  approach  to  a  snapback 

impedance  is  constant  over  the  entire  signal  path.  The  transistor 

wiring  in  a  real  HBM  tester,  of  course,  is  a  complex 

three-dimensional  line  structure.  The  impedance  was  In  fig.  18  different  tester  models,  the  LEM  as  well  as 

determined  by  a  microstrip  geometry  which  is  also  a  Ihe  transmission  line  (TL)  approach,  are  compared  to 

good  estimation  for  the  geometry  "wire  over  ground  the  HBM  pulse  measurements  gained  from  the  nMOS- 

plane"  if  the  distance  to  ground  is  much  wider  than  the  FET. 

wire  size.  In  our  case  we  gained  an  impedance  of  For  both,  measurement  and  simulation,  the  device  was 

2631.1  from  a  microstrip  line  width  of  1  mm  at  an  effec-  triggered  to  the  bipolar  mode  and  clamped  the  voltage 

tive  distance  of  approximately  10mm  from  ground  at  its  hold  value  vh.  Ringing  and  the  discharge  of  the 

[18].  The  capacitance  per  length  was  calculated  by  the  test  board  capacitance  due  to  the  snapback  were  repro- 

measured  static  test  board  capacitance  for  the  case  of  duced  very  well  by  the  TL  approach.  The  LEM  could 

comer  pins  (see  fig.  4)  in  order  to  exclude  line  cou-  not  model  the  discharge  correctly  since  it  considered 

pling.  For  the  line  length  of  the  hot  discharge  path  we  the  test  board  as  a  discrete  element, 

obtained  C'=  35.5pF/0.39m  =  91pF/m.  Then  the  in-  After  the  current  was  below  a  certain  hold  current  the 

ductance  per  length  was  given  by  L'  =  Zw2-C'  =  transistor  switched  off.  The  remaining  current  of  the 

6.3pH/m.  Since  the  transmission  lines  covered  an  HBM  pulse  started  to  charge  up  the  test  board  once 

entire  length  of  0.605m,  we  had  6.3pH/m-0.605m  =  again.  The  simulated  charging  characteristic  of  the  test 

3.8pH.  With  the  4th  order  LEM  method,  the  complete  board  capacitance  (LEM)  was  very  similar  to  the 

inductance  of  the  discharge  path  was  determined  at  measurement.  The  time  constant  of  the  charging  is 

12pH.  The  pulse  forming  inductances  were  present  as  mainly  determined  by  x  =  Rubm**-- board-  The  time 

concentrated  elements  of  2.2pH,  each.  Therefore,  a  re-  constant  gained  by  the  1/e-value  from  the  measure - 

sidual  inductance  of  12pH-2-2.2pH-3.8p=3.8pH  was  ment  equals  38.2ns.  which  is  in  very  good  accordance 

considered  by  Lres.  depicted  the  input  capaci-  with  the  value  for  the  simulation  x  =  1.5ktl*25pF  = 
tance  of  the  voltage  probe  and  the  parasitic  capaci-  37.5ns.  For  this  time  domain,  the  amount  of  the  con- 

tance  of  the  CT1.  CccJd  ^  is  the  background  capaci-  centrated  test  board  capacitance  considered  as  an  ef- 

tance  at  the  cold  side  of  the  device,  which  represents  fective  value  is  confirmed  correctly.  Here,  the  TL  ap- 

the  conducting  parts  of  the  IC,  the  package  and  the  proach  showed  ringing  due  to  signal  reflection  at  the 

socket.  It  was  found  that  the  bonding  inductances  play  mismatched  line  ends.  However,  it  reproduced  the 

only  a  minor  part  for  the  TL  approach.  They  were  the  same  behaviour  in  general. 

only  current  limiting  elements  for  the  LEM  model  in  After  the  breakdown  voltage  was  reached  again,  the 

the  discharge  path  between  test  board  capacitance  and  device  went  into  snapback.  However,  it  could  not 

device.  Each  transmission  line  was  considered  in  the  exceed  its  holding  current  and  changed  to  blocking 

circuit  simulation  by  a  set  of  100  differential  line  ele-  state.  Thus,  charging  started  once  again.  With  the  dis- 

ments.  Thus  the  total  computation  time  with  a  non-  charge  current  at  about  500ns,  a  good  correlation 

linear  DUT  did  not  exceed  10  minutes. 
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betwec  'he  TL  approach  and  (he  measurement  could 
be  demonstrau  1 

voltage  (V) 


0  lOOn  200n  300n  400n  50On  600n  time(s) 

Fig.  18:  The  nMOSFET  during  HBM  stress 


Numerical  simulations  by  means  of  the  4th 
order  LF..'  1  and  the  transmission  line  (TL) 
approach  in  comparison  to  the  measurement 
of  fig.  14. 

Concerning  the  application  of  both  tesler  models,  we 
can  concluded  that  the  lumped  element  model  (LEM) 
is  better  suitable  in  the  HBM  time  domain.  On  the 
other  hand,  fast  switching  effects  of  less  than  some 
nanoseconds  are  treated  properly  by  the  transmission 
line  approach. 


6J  Application  of  the  lumped  element  model  and 
the  transmisson  line  approach  to  a  a  protection 
diode 

Figure  19  depicted  clearly  that  the  TL  approach  is  able 
to  reproduce  the  waveforms  of  a  protection  diode  at 
the  moment  of  a  sudden  voltage  drop  caused  by 
second  breakdown.  The  current  transients  were  only 
provided  satisfactorily  with  a  transmission  line  dis- 

| 

I 

I 


charged  into  the  device.  The  charge  was  stored  mainly 
in  the  transmission  line  TLadh  between  the  device  and 
the  inductance  Lhi)1.  Fast  discharges  of  the  other  trans¬ 
mission  lines  were  blocked  by  this  inductance.  Lhol 
and  Lcold  were  responsible  lor  the  low  frequency 
ringing  of  the  voltage  after  the  second  breakdown. 

volugc(V) 


Fig.  19:  The  protection  diode  during  HBM  stress: 

Numerical  simulations  by  means  of  the  4th 
order  LEM  and  the  transmission  line  (TL) 
approach  in  comparison  to  the  measurement 
of  fig.  16. 


7.  Conclusions 

The  4th  order  lumped  element  tester  model  was  pro¬ 
ved  according  to  the  FOS/ESD  HBM  standard  [1]. 
Furthermore,  it  provided  information  for  additional 
tester  characterization.  Interactions  between  tester  and 
device  were  reproduced  correctly  in  the  "conservative" 
HBM  lime  domain.  However,  the  transients  of  fast 
switching  events  were  confirmed  only  by  the  transmis¬ 
sion  line  approach. 
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The  in-situ  observation  of  snaphack  and  failure  in 
HBM  testers  reveals  progress  in  failure  modeling  and 
new  aspects  for  the  interaction  between  device  and 
tester. 

The  comparison  of  3  different  HBM  testers  revealed  a 
clear  dependence  for  the  HBM  thresholds  of  the 
devices  stressed  in  this  study  on  the  parasitic  test 
bnrd  capacitance.  The  higher  the  value  of  the  capaci¬ 
tance  is.  the  more  Che  HBM  pulse  is  damped  and  thus 
the  tester  pretends  a  higher  HSD  hardness.  However, 
depending  on  the  actual  protection  device  and/or 
structure,  the  influence  of  the  test  board  capacitance 
may  appear  in  very  different  ways. 

Further  knowledge  on  the  transmission  line  character¬ 
istic  of  the  test  board  capacitance  should  be  gained. 
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1.  ABSTRACT 

Many  MOS  devices  in  polysilicon  gale  technology  show 
a  characteristic  kind  of  gate  oxide  damage  after  exposure 
to  an  electrostatic  discharge  (ESD)  according  to  the 
Charged-Device-Model  (CDM),  which  can  not  be  repro¬ 
duced  by  ESD  according  to  the  Human-Body-ModeL  In 
this  paper,  a  possible  physical  explanation  is  proposed 
for  the  creation  of  this  kind  of  damage.  According  to 
this,  during  the  CDM-ESD-event  the  gate  oxide  is 
destroyed  and  an  amorphous  region  in  the  silicon  is 
created.  This  can  explain  the  observed  recovery  behavior 
of  the  leakage  current  of  damaged  devices.  The  sudden 
increase  of  the  leakage  current  of  damaged  devices  fol¬ 
lowing  an  electrical  overstress  could  consequently  be  due 
to  thermally  induced  recrystallisation  of  the  amorphous 
region. 

2.  INTRODUCTION 

Recently,  several  publications  [1.2.3.4]  have  documen¬ 
ted  drat  Electrostatic  Discharge  according  to  the  Charged- 
Device-Model  (CDM-ESD),  specified  in  [5J,  can  cause  a 
particular  type  of  damage  when  applied  to  MOS-devices. 
In  all  cases  a  gate  oxide  is  damaged.  In  the  case  of  an 
input  pin  of  an  nMOS-device,  a  study  has  shown  that  the 
gate  oxide  of  the  input  transistor  behind  the  protection 
structure  is  damaged  [1,2].  Whereas  the  discharge 
amplitude  necessary  to  create  a  damage  depends  strongly 
on  the  type  of  device,  the  damage  itself  is  always  of  the 
same  type.  The  amount  of  electrostatically  stored  energy 
that  is  necessary  to  create  this  damage  is  much  smaller 
than  that  in  the  case  of  Human-Body-Model  (HBM)  - 
ESD  (specified  in  [6]).  Compared  to  HBM-ESD,  CDM- 
ESD  is  much  faster.  The  rise  time  and  the  duration  of 
this  event  are  shorter  by  more  than  one  order  of 
magnitude.  This  probably  explains  why  many  devices 
are  more  sensitive  to  CDM-ESD.  CDM-ESD 
corresponds  to  the  situation  where  a  device  has  been 
charged  electrostatically,  usually  by  triboelectricity,  and 
discharges  to  a  metallic  ground.  This  situation  can  occur 


for  example  during  automatic  handling. 

The  electrical  properties  of  the  type  of  damage  created  by 
CDM-ESD  are  unstable  in  two  respects:  1.  The  leakage 
current  caused  by  this  damage  is  reduced  by  SO  %  in 
about  two  weeks  at  2S°C,  and  2.  The  electrical  conduc¬ 
tivity  of  this  damage  switches  irreversibly  bom  the  initial 
low  leakage  state  to  a  high  leakage  state  when  the  device 
is  subjected  to  a  small  electrical  overstress.  This  beha¬ 
vior  can  cause  a  reliability  problem,  when  devices  with 
this  type  of  damage  are  used  in  systems,  because  small 
electrical  overstress  can  increase  the  leakage  current  to  an 
extent  which  is  likely  to  cause  functional  failures.  Both 
of  these  instabilities  can  be  explained  with  the  model  pro¬ 
posed  in  this  paper. 

3.  DESCRIPTION  OF  THE  DAMAGE 

In  a  typical  input  pin,  a  leakage  current  of  the  order  of  1 
mA  at  5  V  can  be  measured  after  the  device  has  been 
damaged  by  CDM-ESD  (Figure  1). 


Fig.  1:  Typical  leakage  current  measured  at  an  input 
pin  of  a  damaged  device. 

The  high  sensitivity  of  this  type  of  damage  to  electrical 
overstress  [1,2]  is  illustrated  by  Figure  2  (a),  which 
shows  the  leakage  current  characteristic  of  damaged  pins 
when  a  voltage  ramp  is  applied.  All  damaged  pins  "break 
down”  between  10  and  14  V.  The  same  tape  of  behavior 
could  be  reproduced  by  damaging  the  gate  oxide  of  single 
MOSFET  test  transistors,  shown  in  Figure  2  (b). 
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Fig.  2:  Gate  leakage  current  characteristic  of  a  num¬ 
ber  of  gate  oxide  damages  in  a  commercial  VLSI  MOS- 
device  (  a),  data  taken  from  [2])  and  in  two  single  test 
structure  MOSFETs  (b).  Each  object  is  measured 
twice  by  applying  the  same  voltage  stair  (first  run. 
second  run).  The  " breakdown ",  observed  during  the 
first  run.  transforms  the  latent  state  into  the 
permanent  state. 


Fig.  3:  Picture  of  the  light  emission  (arrow)  of  a 
damage  site  taken  by  Emission  Microscopy. 

The  only  way  of  localizing  this  damage  without  destruc¬ 
tive  action  to  the  device  takes  advantage  of  a  faint  emis¬ 
sion  of  light  accompanying  the  leakage  current  flow 
(Figure  3).  Wet  chemical  removal  layer  by  layer  down  to 
the  polysilicon  gate  reveals  no  visible  damage  even  by 
inspection  with  a  SEM.  After  removing  the  gate  with 


KF,  the  damage  is  located  in  the  form  of  a  little  etch  hole 
in  the  substrate  (Figure  4).  Because  no  staining  etch  was 
used,  the  size  of  this  hole  can  be  assumed  to  be  the  size 
of  the  physical  damage.  It  has  a  diameter  of  about  300 
nm,  about  ten  times  as  large  as  the  thickness  of  the  gate 
oxide. 


Fig.  4:  Damaged  input  transistors  after  HF  lift  off  of 
all  layers.  The  etch  holes  in  the  gate  region  mark  the 
damaged  region  (arrows). 


The  appearence  of  such  an  etch  hole  without  using  a 
dedicated  staining  etch  implies  that  the  material  which 
was  in  the  place  of  that  hole  had  a  completely  different 
etching  behavior  compared  to  the  surrounding  material. 
Chemically  it  must  be  mainly  silicon,  but  it  must  have 
had  a  highly  damaged  physical  structure. 

It  can  be  assumed  that  this  material  had  been  molten  for  a 
short  time  due  to  an  electrical  discharge  after  breakdown 
of  the  oxide  caused  by  a  transient  overvoltage  at  the  gate. 
This  transient  overvoltage  is  caused  by  the  CDM-ESD 
event  It  lasts  at  most  a  few  nanoseconds,  the  same  as 
the  discharge  current  flow  of  the  CDM-ESD-evenl  itself. 
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which  is  shown  in  Figure  5. 


Fig.  5:  Discharge  current  transient  flow  through  the 
stressed  pin.  (Same  type  of  device  as  shown  in 
Figure  3  and  4.)  The  device  was  charged  to  -340  V 
relative  to  the  laboratory  ground. 


4.  MELT  BALL  MODEL 


The  model  proposed  here  is  called  'Melt  Ball  Model’ 
(MBM).  It  models  the  flow  of  the  heat  which  is  set  free 
as  a  consequence  of  the  discharge  of  the  gate  capacitor 
following  the  electrical  breakdown  of  the  gate  oxide.  The 
discharge  is  a  local  event,  dissipating  heat  in  a  very  short 
time.  It  is  modeled  here  as  a  source  of  heat  ^-shaped  in 
space  and  time  QS(x.t)  at  the  location  of  the  break¬ 
down  x,  thus  simplifying  die  problem  to  spherical  sym¬ 
metry.  The  flow  of  heat  is  described  by  the  heat  conduc¬ 
tion  equation 

~=D  AT  .  (1) 


According  to  [7],  for  this  simplified  situation  it  has  the 
solution 


T-  Q  °3  .-a2'1. 

pTiT*  1 


a= 


74D? 


(2) 


r  is  the  distance  from  the  position  of  the  heat  source.  As 
an  approximation,  the  material  parameters  are  assumed  to 
be  those  of  silicon  at  room  temperature,  and  to  be 
temperature  independent.  The  thin  oxide  layer  is  igno¬ 
red,  so  is  the  heat  of  fusion.  Therefore,  p  =  2.3  g/cms  is 
the  density,  c  »  0.7  J/g/K  the  specific  heat  and  D  =  0.9 
cmVs  the  temperature  diffusion  coefficient,  for  silicon  at 
300  K  (8].  For  the  very  small  amount  of  energy  Q  » 
5'  10-“  J  set  free  as  heat,  this  solution  is  shown  in  Figure 
6  for  different  times  t. 


x  [umj 


Fig.  6:  Solutions  of  the  heat  conduction  equation  for 
different  times  t  =  6.12,18... .60  ps  (Eq.  2).  for  Q  « 
STO'11  J.  Temperature  here  means  the  temperature 
increase  on  top  of  the  ambient  temperature. 

From  Figure  6  it  can  be  concluded  that  a  region  with 
about  120  run  radius  would  melt  for  a  short  time.  The 
heat  of  fusion,  which  has  been  neglected,  will  reduce  the 
radius  by  approximately  10%. 

The  conclusion  can  be  drawn  that  a  fairly  small  amount 
of  energy  is  capable  of  creating  a  melt  damage,  if  only  it 
is  dissipated  into  heat  locally  and  fast  enough.  The  above 
model  is  an  approximation  in  this  sense.  It  is  valid, 
when  the  time  of  heat  dissipation  r  and  the  size  of  the 
heat  source  r0  are  small  enough. 


5.  COMPARISON  WITH  EXPERIMENTAL 
OBSERVATION 

A  typical  situation  is  that  of  an  input  pin,  where  CDM- 
ESD  causes  damage  in  the  input  transistor  connected  to 
this  pin.  The  experimental  situation  of  an  input  signal 
path  to  the  input  transistor  containing  pieces  of  polysili- 
con  lines  as  well  as  aluminium  lines  can  be  simplified  to 
the  picture  shown  in  Figure  7. 

Fran  the  occurrence  of  the  damage  after  CDM-ESD  it  is 
clear  that  the  CDM-ESD  event  created  a  voltage  between 
the  gate  of  the  input  transistor  and  the  substrate  that  has 
been  high  enough  to  create  a  gate  oxide  breakdown.  The 
following  discharge  through  the  breakdown  site  causes 
local  heating.  According  to  the  above  heat  flow  analysis, 
a  limited  amount  of  heat  can  induce  melting  only  if  it  is 
set  free  in  a  small  volume  and  in  a  short  time.  This 
means  that  for  the  creation  of  this  damage  only  those 
energy  reservoirs  are  relevant  which  can  be  accessed  very 
quickly  (<  25  ps). 
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RC -Sequence 


Fig.  7:  Electrical  schematic  of  the  signal  path  from 
the  pad  to  the  damaged  input  transistor.  S  =  ESD  pro¬ 
tection  structures,  Ru  -  polysilicon  line  resistances, 
Cu  »  metal  line  capacitances,  Rst  =  substrate  resi¬ 
stances,  Cg*u  *=  gate  capacitance. 

For  the  situation  depicted  in  Figure  7  the  following  con¬ 
sideration  is  made  to  find  out  which  energy  reservoirs  are 
relevant.  First  the  available  amount  of  energy  is  estima¬ 
ted.  An  important  parameter  is  the  breakdown  field 
EaxjD.  which  determines  die  amount  of  energy  that  can 
be  stored  electrostatically  in  the  capacities.  From  an 
investigation  [9]  it  can  be  estimated  to  about  IS  MV/cm 
for  oxides  of  20  nm  thickness.  This  yields  a  voltage  of  - 
30  V.  The  electrostatically  stored  energy  of  the  gate 
capacitance  is 

W  =  ^CV1  =  |E0E 'AiaudazEhjD  ■  (3) 

With  dox  =  20  nm,  and  Aox  =  75  pm2-  the  gate  oxide 
region  of  this  case,  this  yields 

W  =  510  n  J. 

The  capacitor  Cl  next  to  the  transistor  («  400  x  4  pm2 
aluminium  over  - 1  pm  oxide  giving  Cl  »  S'  ICT14  F)  sto¬ 
res  about 

W  =  ^CV2  »  (4) 

If  Q  -  5-l0‘u  J  would  be  transformed  into  heat,  accor¬ 
ding  to  Figure  6  the  melt  ball  would  reach  its  maximum 
radius  of/ma-  120  nm  after  frwu-25  ps. 

The  RC  time  constant  of  the  RC  sequence  just  beside  the 
input  transistor  is  estimated  as  follows: 

Rl  -  2.5  x  SO  pm2  poly  of  R  -  50Q/D  (SOfl  per  square) 
yields  Rf  lkft,  so  that 

T  =  RC  »  50  ps.  (5) 

This  shows  that  even  the  fust  RC  sequence  is  not  likely 
to  be  relevant  any  more  for  the  creation  of  the  melt  ball 
According  to  Figure  6  an  amount  of  dissipated  heat  of  Q 
“  S-lff"  J  should  melt  a  region  of  -  240  nm  in  diame¬ 


ter.  This  agrees  well  with  the  observed  •  300  nm  as 
shown  in  Figure  4.  Due  to  overetching  the  size  of  the 
etch  hole  could  well  be  larger  than  the  melt  ball.  But 
even  a  difference  of  about  50%  would  be  acceptable  for 
such  a  simple  model. 

From  this  observation  the  conclusion  is  allowed  that  a 
discharge  must  have  taken  place  (Figure  4),  and  that  an 
energy  of  -  l(Tn  -  10"10  J  stored  in  the  gale  capacity 
must  have  been  dissipated  in  the  form  of  heat  within  a 
diameter  of  -  200  nm  and  a  time  shorter  than  SO  ps. 

6.  STRUCTURE  OF  THE  DAMAGE 

The  question  arises:  Is  there  still  an  adequate  oxide  left? 
The  leakage  currents  observed  bom  damaged  devices 
decreases  with  time,  even  a  room  temperature  [1,2]. 
The  observed  leakage  current  in  the  range  of  1  nA  is 
much  smaller  than  the  leakage  currents  typically  found 
after  gate  oxide  breakdown.  Is  the  oxide  in  a  state  of 
degradation,  so  that  it  will  recover  its  isolation  capability? 
Both  the  damage  found  after  deprocessing  and  SEM 
inspection  (Figure  4)  and  the  'Melt  Ball  Model*  imply  a 
geometry  of  the  damage  as  scetched  in  Figure  8.  It 
shows  that  the  diameter  of  the  created  melt  region  is 
expected  to  be  much  larger  than  the  oxide  thickness. 


Fig  Geometry  of  the  dar.  ged  region,  to  scale. 


Here  are  two  considerations  acc  ardirt  to  which  the  oxide 
is  probably  destroyed.  (1)  The  f  rst  consideration  fol¬ 
lows  from  the  described  model,  according  to  which  the 
center  of  the  molten  volume  should  reach  temperatures 
far  above  the  melting  point  of  the  oxide,  which  is  about 
1600°C.  A  film  of  liquid  oxide  would  be  surrounded  by 
liquid  silicon.  It  would  be  bard  to  believe  that  the  oxide 
could  withstand  this  as  an  intact  layer.  (2)  The  second 
consideration  compares  the  observed  leakage  current  to 
the  current  conduction  in  a 'good*  oxide.  A  leakage  cur¬ 
rent  of  - 1  pA  flowing  through  a  region  with  a  diameter 
of  300  nm  corresponds  to  a  current  density  of  -  1000 
A/cm2.  At  the  applied  voltage  of  S  V,  an  oxide  of  20  nm 
thickness  would  conduct  an  immeasurably  small  leakage 
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current.  On  the  other  side,*  tunneling  current  density  of 
•  1000  A/cm2  would  be  expected  to  occur  at  fields  » IS 
MV/cm  according  the  high  field  approximation  of  Fbwler 
and  Nordbeim  [10].  Even  a  "good"  oxide  would  break 
down  immediately  at  this  electrical  field. 

From  this  consideration]  it  is  clear  that  the  oxide  must 
have  been  destroyed  at  least  in  a  part  of  the  damaged 
region.  It  can  be  expected  to  be  punctured  u  the  damage 
site. 

The  second  question  is:  What  does  the  rest  of  the  dama¬ 
ged  area  look  like?  Here  the  dynamics  of  the  resolidifi- 
cation  has  to  be  considered.  According  to  Figure  6,  the 
melting  and  cooling  of  the  damage  region  takes  place  in 
less  than  1  ns,  if  the  beat  is  set  fine  in  a  short  time.  Heat 
can  be  set  bee  during  the  whole  CDM-ESD  discharge 
event  The  shape  of  the  CDM-ESD  discharge  current, 
shown  in  Figure  5,  had  a  half  width  of  less  than  2  ns. 
This  is  in  agreement  with  other  investigations  which 
show  durations  of  CDM-discharges  of  less  than  5  ns 
[12,13].  So  the  value  of  5  ns  can  be  taken  as  an  upper 
limit  for  the  time  constant  of  the  decay  of  the  dissipation 
of  thermal  power  in  the  damage  area.  Together  with  the 
melt  ball  diameter,  a  lower  limit  for  the  speed  of  the  reso- 
lidificatian  front  can  be  estimated: 

dK0»W=150nm  =  30m 

dr  T  S  ns  s 

Even  this  conservative  estimate  yields  a  value  which  is 
larger  than  the  amorphisalion  limit  of  15  m/s  by  a  factor 
of  two.  at  which  silicon  solidifies  in  amorphous  form 
[11].  Therefore,  amorphisation  of  the  damage  region  is 
likely  to  occur.  It  can  be  speculated  that  the  damage 
region  looks  like  the  sketch  in  Figure  9. 


///////////// / // 

Fig.  9:  Sketch  of  the  silicon  melt  volume  and  the 
oxide  melt  volume  (exceeding  melt  temperature )  for  Q 
-5.10-n  J. 


7.  SENSITIVITY  TO  ELECTRICAL 
OVERSTRESS 

Finally,  a  possible  explanation  is  given  for  the  observed 
high  sensitivity  of  CDM-damaged  devices  against  electri¬ 
cal  overstress.  Two  experiments  providing  small  electri¬ 
cal  overstress  to  the  devices  have  been  described,  both 
leading  to  an  increase  in  leakage  current  of  about  two 
orders  of  magnitude  [1,2].  Neither  one  of  them  does 
change  undamaged  devices.  In  the  first  case,  the  leakage 
current  increase  was  induced  by  ESD  stress  according  to 
the  Human-Body-Model  (HBM)  [6].  Here  the  increase 
occurred  after  a  stress  voltage  of  less  than  SO  V.  For 
comparison:  'Good*  devices  stand  mare  than  1000  V  of 
HBM-ESD  stress  without  measurable  change.  In  the 
second  case,  the  leakage  current  increase  occurred  when 
a  voltage  ramp  was  applied,  as  shown  in  Figure  2.  In 
both  of  the  described  cases  the  effect  was  perfectly 
reproducible.  Both  cases  imply  that  electrical  stress  is 
applied  to  the  damage  region.  Under  the  assumption  of  a 
metastable,  probably  amorphous  damage  region,  it  is 
possible  that  the  leakage  current  increase  is  caused  by  a 
transformation  of  a  part  of  the  damage  region  into  poly¬ 
crystalline  silicon,  forming  a  filament  with  increased 
conductivity.  The  electrical  conductivity  of  polysilicon  is 
usually  several  orders  of  magnitude  larger  than  that  of 
amorphous  silicon  [8,14],  especially  when  considering 
that  dopants  from  the  highly  doped  polysilicon  gate  can 
penetrate  into  the  region  of  interest  As  the  HBM- 
discharge  decays  with  a  time  constant  of  150  ns  [6],  the 
speed  of  the  tesolidification  front  can  be  estimated  to 

dr(0  r_,  ISOnm  .  m 

“T=T50^r  =  !7- 

which  is  clearly  smaller  than  the  amorphisalion  limit  of 
15  m/s  [1 1},  so  the  remolten  material  has  time  to  turn  into 
a  polycrystalline  state.  In  the  case  of  the  voltage  ramp 
measurement  the  decay  time  constants  are  in  the  millise¬ 
cond  range  and  thus  even  slower. 

Therefore  the  increase  in  conductivity  of  the  CDM-ESD 
damage  caused  by  the  described  types  of  (weak)  over- 
stress  can  be  interpreted  as  a  change  of  the  material  in  the 
damage  region  to  a  structure  with  higher  crystallinity  and 
conductivity. 
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8.  DISCUSSION 

The  observed  type  of  gate  oxide  damage  leads  to  a 
leakage  current  of  about  1  |iA  at  5  V,  which  is  very  low. 
Failure  analysis  showed  damages  under  the  gate  with  a 
diameter  of  about  300  nm.  A  model  is  proposed  for  the 
creation  of  this  damage  that  yields  a  diameter  which  is 
within  less  than  a  factor  of  two  of  the  experimental 
observation. 

A  possible  explanation  for  the  electrical  behavior  of  the 
damage  could  be  that  the  material  in  the  damaged  region 
turned  amorphous,  a  state  which  can  transform  to  a 
structure  with  higher  electrical  conductivity  under  the 
influence  of  electrical  stress.  TEM  investigations  of  such 
damages  are  in  progress. 

9.  CONCLUSIONS 

The  properties  of  the  type  of  gate  oxide  damage  in  MOS 
devices  caused  by  Electrostatic  Discharge  according  to 
the  Charged-Device-Model  have  been  described.  In  the 
view  of  their  high  sensitivity  to  electrical  overstress,  they 
can  be  called  latent.  A  model  for  the  creation  of  this  type 
of  damage  is  proposed. 

Although  the  observed  leakage  cunents  are  very  low,  it 
can  be  concluded  that  the  gate  oxide  is  completely 
destroyed.  This  conclusion  is  consistent  with  the  propo¬ 
sed  model  and  the  observed  properties  of  this  type  of 
damage. 
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INTRODUCTION 

This  work  presents  the  results  of  the  strength 
to  surge  voltage  tests  carried  out  on  different  dis¬ 
charge  protection  devices,  with  application  in  tele¬ 
com  equipment. 

The  objetives  of  this  study  were  to  determine  the 
discharge  resistance  of  these  components  against  a 
standard  surge  voltage,  to  compare  the  results  with 
the  manufacturer  specification  (usually  for  a  diffe¬ 
rent  waveform)  and  to  perform  measurements  of 
the  transients  voltages  transmitted,  that  can  affect 
the  circuit  to  protect,  the  current  absorbed  by  the 
transient  suppressor  and  the  leakage  current. 


DESIGN  OF  TEST 

Series  of  10  positive  and  negative  voltage  pulses 
were  applied  with  a  1/1000 /is  waveform,  with  an 
amplitude  (in  open  circuit)  from  500  V  to  6000  V,  in 
steps  of  500  V,  until  the  failure  of  the  component. 
The  time  between  pulses  was  1  min.  The  discharge 
generator  was  a  Haefely  P6T  with  an  output  resis¬ 
tance  of  15 (2  +  25(7. 

The  voltage  pulse  1/1000  /is  is  the  standard  requi¬ 
rement  for  surge  protection  in  telecommunication 
equipment  in  Spain  (the  raise  time  of  this  pulse  is  1 
fis  and  the  fall  time  to  half  peak  voltage  is  lOOOfis). 
In  shortdrcuit  the  discharge  generator  gives  an  ap¬ 
proximate  current  waveform  of  2ISOOn$. 

The  leakage  current  was  measured  with  a  Semicon¬ 
ductor  Parameter  Analizer  HP  4145B. 


TEST  COMPONENTS 

Tests  were  carried  out  on  crowbar  devices  (trisils 
and  gas  arresters)  and  clamping  devices  (transits  and 
varistors)  with  a  breakdown  voltage  about  200  V  for 
all  devices.  All  of  them  have  similar  size. 


ANALYSIS  OF  TEST  RESULTS 

TabU  1  summarizes  the  strength  discharge  test 
showing  the  maximum  peak  voltage  and  current  be¬ 
fore  the  component  failure,  and  the  data  sheet  spe¬ 
cification. 


TabU  1 

Strength  discharge  test 


VARISTOR 

OAS 

ARRES¬ 

TER 

TRISIL 

TRANSIL 

DATA 

SHEET 

ISA  (1) 

10.000A 

(2) 

9QA<3) 

2.2A  (3) 

TEST 

DATA 

86A  (4) 

>  140A  (5) 

>  140A  (5) 

<6A 

(4.500V) 

(> 6.000V) 

(>e.ooov) 

«soov) 

•  (1)  Rectangular  currant  waveform  of  2  m*. 

•  (2)  Exponential  currant  wavafexm  of  9/20  »s* 

•  (3)  Exponential  currant  wave  term  of  10/1000  pa. 

•  (4}  Exponential  currant  wavaform  »ftf>  time*  dependents  of  the  voltage 
amplitude. 

•  (5)  Exponential  currant  waveform  of  2/500  ps. 


The  obtained  results  were  the  following: 

—  The  trisQ  and  the  varistor  show  more  strength 
than  specified,  although  the  vendor  specified  tests 
define  waveforms  with  higher  energy. 

—  The  transil  failed  at  the  first  discharge  at  500  V. 
It's  a  device  with  application  in  low  voltage  pro¬ 
tection.  The  reason  is  that  the  peak  power  dis¬ 
sipation  (Vpp  x  Ipp)  is  a  constant  for  all  transits 
with  the  same  silicon  size,  then  for  high  voltage 
components  the  current  avaiUble  is  very  small. 

—  The  trisil  and  specially  the  gas  arrester  show  the 
highest  resistance  to  discharges  and  they  didn't 
fail  during  the  test. 
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Figura  1,  Figura  2  and  Figura  3  show  the  current 
and  the  voltage  waveforms  obtained  when  a  dis¬ 
charge  1/1000  ns  and  1500  V  was  applied  to  different 
devices. 

The  varistor  peak  voltage  rose  to  320  V,  a  56%  more 
than  the  data  sheet  breakdown  voltage  at  1  mA  (205 
V).  The  voltage  duration  is  3.7  ms,  and  the  current 
duration  is  1.8  ms  this  corresponds  with  the  time 
when  the  voltage  is  higher  than  200  V. 

The  ohmic  value  at  maximum  peak  voltage  varied 
from  50  (1  to  4  /?,  depending  on  the  transient  am¬ 
plitude  (500  V  to  4500  V). 

The  gas  arrester  peak  voltage  rose  to  650  V,  a  317% 
more  than  the  data  sheet  dc  spark-over  voltage  (230 
V).  The  pulse  voltage  duration  was  400  ns. 

The  ohmic  value  presented  by  the  gas  arrester, 
when  fired,  varied  between  1568  m!7  at  500  V  and 
102  m a  at  6000  V. 

The  trisil  peak  voltage  rose  to  160  V,  that  is  sma¬ 
ller  than  the  data  sheet  breakdown  voltage  (200  V), 
because  the  intrinsic  trisil  capacity  helps  to  fire  it; 
for  this  reason  the  circuit  to  protect  will  not  suffer 
perturbation.  The  pulse  voltage  duration  is  2  /is. 

The  ohmic  value  presented  by  the  trisil,  when  fi¬ 
red,  varied  between  342  ml?  at  500  V  and  74  ml?  at 
6000  V. 

Tabla  2  summarizes  the  characteristics  of  the  pul¬ 
ses  transmitted  by  the  transient  suppressors  devices. 


Tabla  2 

Voltage  pulse  characteristics  at  1.500  V 


DURATION 

AMPLITUDE 

VARISTOR 

3.7  ms 

320  V 

GAS  ARRESTER 

400  ns 

650  V 

TRISIL 

2  ii s 

160  V 

Tabla  3,  Tabla  4  and  Tabla  5  shows  the  measure¬ 
ments  at  differents  peak  pulse  voltages  on  the  pro¬ 
tection  devices. 


TabU  3 

Measurements  on  the  varistor 


,oew 

«vut 

StAA 

"VAA 

*VA* 

to 

to 

(A) 

a 

to) 

500 

290 

64 

49  65 

1693 

1000 

312 

IS 

20.6 

4660 

1500 

320 

29.2 

10.9 

9344 

2000 

332 

37.6 

6.62 

12463 

2500 

342 

44 

7.72 

15046 

3000 

350 

56 

6.25 

19600 

3500 

357 

64.6 

550 

23133 

4000 

366 

76 

4.61 

27616 

4500 

372 

66 

4.32 

31992 

5000 

376 

96 

3.63 

36646  < 

5500 

6000 

*  Vqen  *****  <M<M  v0>t*9*  *P0H*d  by  the  disetwg*  ganarator  in  opan 
circuit 

*  VVAj|  Orvauta  pm*  puisa  voltage. 

*  lyjm  On-stata  paafc.  puts*  currant 

*  Ay  Aft  variator  Brad  roaiatanoa  -  VVAR  /  h/*R 

'  PyAjI  Paafc  puktt  currant  power  dcuipat ion  In  tha  varistor  -  vvar  * 
*VAR 

(1)  Tha  varistor  gmpiodod  attar  4  put—  at  5.000V. 
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TabU  4 

Measurements  on  the  gas  arrester 


TabUS 

Measurements  on  the  trtsil 


VOSN 

VOfF 

tOfF 

■on 

•on 

"ou 

*0* 

(V) 

(V) 

(*»■) 

(A) 

(V) 

MU7 

<*> 

500 

500 

1.5 

12.5 

19.6 

1566 

245 

1000 

600 

0.9 

25 

15 

600 

500 

1500 

650 

09 

37.5 

15 

400 

562 

2000 

534 

0.9 

50 

20 

400 

1000 

2500 

573 

09 

62.5 

15 

240 

937 

3000 

620 

09 

75 

14.4 

192 

1060 

3500 

650 

09 

675 

16 

162 

1400 

4000 

663 

09 

100 

16 

160 

1600 

4500 

737 

0.9 

1125 

14.6 

130 

1642 

5000 

758 

0.9 

125 

15.6 

125 

1950 

5500 

771 

09 

137.5 

15.2 

110 

2145 

6000 

847 

0.9 

150 

15.4 

102 

2310 

*  vOEN  Pm*  puis*  "0*1*06  4pp*«d  by  tha  discharga  ganarator  in  opan 
circuit. 

'  Vqi^  Standoff  paak  puiaa  voftaga. 

*  *OFF  Standoff  voilaga  puiaa  duration. 

Iqm  Ovatata  paak  puiaa  currant 

*  VM  Orvatata  paak  puiaa  vottaga. 

*  Orvatata  raaiatanca  -  Vq^  / 

*  PqN  Orvatata  paak  powar  dissipation  -  Vq^  •  Iq^ 

vOSN  VOFF  *OM  vON  "ON  *OH 

(V)  (V)  un  (Ai  (V)  fS) 

500  200  2.S  10.5  3.6  342  37.6 

1000  160  1.6  20  3.6  190  76 

1600  1S6  1.6  32  4.6  143  147.2 

2000  176  1.6  44  6.2  116  226.6 

2600  154  1.5  52  5.6  111  301.6 

3000  146  1.5  62  6.4  103  366.6 

3600  142  1.6  76  7  93  626 

4000  141  1.7  76  7.6  97  592 

4500  144  1.9  62  6.4  102  666.8 

5000  139  2.2  104  9  66  936 

SSOO  142  2.2  120  9.6  60  1152 

6000  139  2.2  140  10.4  74  1456 


•  VQf  N  PnI  puiaa  volt ag»  appliad  by  tt*  dactaga  ganarator  Ir  ooan 
circuit. 

•  Vqct  Standoff  paak  puiaa  vottaga. 

•  tQFF  Standoff  vortaga  pula*  duration. 

•  Iqm  Ovatata  paak  puiaa  currant. 

•  VqN  Onotat#  P*«k  puiaa  voilaga. 

•  Rqm  Ovatata  ra*atanca  -  Vqn  1  Iqn 

•  Pqm  Orvatata  paak  po««r  dissipation  -  Vqn  *  >ON 


TabU  6  shows  the  leakage  currents  measured  for 
the  test  samples  at  200V,  and  the  maximun  specified 
by  the  manufacturer  data  sheet. 


TabU  6 

Leakage  current  at  200  V 


TEST  DATA  JS  pA  2.5  pA  100  nA 

DATA  SHEET  1mA  no  opoc.  1  mA 


The  results  evidence  the  low  leakage  current  for  the 
gas  arrester  and  the  trisil,  the  high  varistor  leakage 
current  can  limit  its  application  in  circuits  with  low 
leakage  requirements. 
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Figure  1  Varistor  voltaga  (V)  and  currant  (I) 


chi  sir  *  sqqm  ai »  v  von 

CHJ  lO*  VO 


Figura  2  Gas  arrester  voltage  (V)  and  current  (I) 
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Figure  3  Tritil  voltage  (V)  and  currant  (I) 
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CONCLUSIONS 


As  a  result  of  the  test  we  can  come  to  the  following 

conclusions: 

1.  The  more  resistant  devices  are,  in  this  order:  gas 
arrester,  trisil#  varistor  and  transil.  The  high  vol¬ 
tage  transils  show  very  low  resistance  to  surge 
voltage,  they  are  not  suitable  to  be  used  in  tele¬ 
com  applications. 

2.  The  gas  arrester  and  the  varistor  transmit  voltage 
peaks  dangerous  to  the  circuit  to  protect.  The  gas 
arrester  peak  has  a  short  duiation  (~0.4  /is)  and 
very  high  voltage  (~650  V),  the  varistor  peak  has 
a  large  duration  (~1.8  ms)  and  high  voltage  (~320 
V).  The  trisil  doesn't  transmit  perturbations. 

3.  The  leakage  current  must  be  taken  into  account  in 
the  designs  using  varistor  (25/*A  at  200  V),  the  tri¬ 
sil  has  a  lower  value  (100  nA)  and  the  gas  arrester 
has  a  negleciible  value  (2.5  pA). 
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1  ABSTRACT 
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Faiibitmap 

Faults 

Defect  types 

.  BM1 

•  Bit-Gnd  short 

• 

Extra  M2  (lfim2R<3|im) 

One  column  stuck  al  0 

• 

Musing  Ml/2  oxide 

•  Bitbar-VDD  short 

• 

Missing  M 1/M2  oxide 

•  BAG: 

•  Bil-Bitbar  short 

• 

Extra  M2  (lpmSR<3pm) 

One  column  stuck  at  x 

• 

Missing  Ml/2  oxide 

•  Bil-Biibar-GND  short 

• 

Extra  M2  (3|im£R<5|iin) 

•  BAG 

Two  columns  stuck  at  0  / 1 

•  BiU-BiibarZ-GND  short 

• 

Extra  M2  (3jim£R<5|iin) 

TabU  I  Part  of  catalog  for  bitmap  -  fault  ■  defect  mapping 


4  MODELS 

From  the  requirements  grven  above,  u  is  obvious 
liui  the  (Jcfcci  chanctcrtsnca  and  critical  area 
functions  have  to  be  determined  separately  fix  each 
layer  at  the  chip  The  detects  are  described  as  disks 
with  radius  R  of  missing  or  additional  material  in 
any  conducting,  insulating  or  semiconducting  layer 
of  the  ICO/  Extra  material  may  cauae  a  short  to  a 
conducting  layer  or  an  open  ut  as  insulating  layer, 
respectively  The  inverse  holds  tar  rating  material 
For  each  type  ■  of  defects,  the  total  denary  Do,  as 
•ell  aa  tbs  sue  distribution  f,(R)  is  introduced  f,(R) 
is  grven  in  the  form  141 


that  fraction  of  the  chip  area  on  which  the  center  of 
the  defect  must  fall  to  create  an  electrical  fault  in 
the  1C  The  critical  area  functions  can  be  obtained 
from  the  layout  of  the  1C  with  a  suitable  algorithm 
TV 

Thus  for  a  given  fabrication  facility  (i  e.  given  Do, 
and  /,(/?)  functions)  the  defect  related  yield  loss  of 
a  product  completely  depends  on  the  critical  area 
functions  of  the  layout 

J  EXPERIMENT 
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To  demonnrme  hour  the  parameters  of  the  defect 
dmhboooA  (bacoott  cm  be  detemuaed,  to 
industrial  rspmiuml  was  performed.  An  array  of 
16k  SRAMs  was  used  as  a  test  vehicle  T6J 
Compared  to  stogie  layer  test  structures,  advantages 
of  the  SRAM  are  full  process  topology  and  efficient 


Fbg  *  Port  of  •  bitmap  of  type  SMI.  column  etuck- 
m~0 


use  of  area.  The  SRAM  has  a  topology  and  failure 
rate  similar  to  complex  logic  circuits,  but  is  much 
easier  to  test.  The  faults  of  the  SRAM  are 
characterized  by  their  bitmaps.  Defect  simulation 
experiments  with  this  kind  of  SRAMs  for  speedup 
of  failure  analysis  have  been  described  before  III.  f 
part  of  a  catalog  for  bitmap  -  fault  -  defect  mapping 
is  shown  in  Table  1.  Fig.  4  shows  part  of  a  bitmap 
of  type  BM1,  for  a  column  stuck  at  0.  It  can  be  seen 
that  we  do  not  obtain  a  one-to-one  mapping:  BM1 
can  be  caused  by  2  different  faults,  and  a  fault  can 
be  caused  by  2  or  more  types  of  defects.  On  the 
other  hand,  one  type  of  defect  can  cause  several 
types  of  faults  and  bitmaps.  However,  experiment 
showed  that  more  than  80%  of  the  observed  bitmaps 
could  be  mapped  onto  one  type  of  defect  151. 

Similar  to  equation  (2),  the  yield  equation  for  a 
unique  type  of  bitmap  can  be  calculated: 

l  f  I  0 

(3) 


3 


SRAM  I 


where  f  denotes  all  fault  types  f  causing  bitmap  b, 
and  i  denotes  all  defect  types  causing  fault  f.  Now 
the  yield  loss  due  to  a  unique  bitmap  can  be 
calculated  and  compared  with  measurement  results. 
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Fig  S  Defect  density  distribution  for  metal!  defects 
and  critical  area  function  (dashed  tine) 
summed  for  alt  faults  caused  by  metal 2 
defects 

and  finally  the  defect  density  distribution 
can  be  determined  141.  Fig.  5  gives  the  defect 
density  distribution  obtained  for  metal  2  defects  and 
the  critical  area  function  for  all  faults 

caused  by  metal  2  defects. 

The  important  regioo  is  for  defect  diameters  shortly 
above  the  minimum  feature  size,  where  the  product 
of  defect  density  and  critical  area  is  aoo-zero.  It  is 
interesting  to  note  that  for  the  metal  1  layer,  a 


SRAM  2 

Fig.  6  Part  of  the  layout  of  metal  2,  showing  the 
differences  of  the  two  SRAMs 

different  total  defect  density  as  well  as  a  different 
form  of  the  defect  size  distribution  were  found. 


5.2  Comparison  of  two  different  layouts 

In  a  further  experiment,  two  electrically  identical 
SRAMs  were  analysed.  The  basic  cell  for  each 
SRAM  had  an  identical  area  and  the  same  design 
up  to  the  metal  1  layer.  In  the  second  metal  layer 
containing  the  bitlines  of  the  memory  cells,  SRAM2 
had  a  larger  amount  of  minimum  distance  line 
sections,  se:  Fig  6.  This  difference  in  layout 
between  the  two  SRAMs  meant  that  the  critical  area 
functions  for  both  types  of  SRAMs  were  identical  up 
to  the  metal  1  and  viahole  layer,  but  were  different 
for  the  metal  2  layer.  The  main  difference  between 
the  two  cells  was  the  layout  of  the  bit  and  bitbar 
lines.  As  a  result  of  this,  there  was  a  marked 
difference  in  the  critical  area  functions  for  metal  2 
shorts  for  2  sets  of  faults  (Fig  7):  (a)  shorts  between 
bit  and  bitbar  lines  and  (b)  shorts  between  bit  bitbar 
and  gnd  lines.  As  can  be  seen  in  the  figure,  SRAM2 
is  more  sensitive  to  these  two  fault  types  than 
SRAM1. 

The  critical  areas  for  the  other  fault  classes  in  metal 
2  were  also  different  for  the  two  SRAMs.  However, 
the  difference  was  mainly  at  the  larger  defect  radii 
and  was  small  enough  to  be  ignored. 

As  a  consequence,  the  yield  of  SRAM2  with  respect 
to  brtline  shorts  and  bitline  gnd  shots  (Bitmaps 
BMA  of  table  2)  was  lower,  whereas  the  yield  of  all 
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Fig  7  Metal  2  critical  area  functions  far  (a)  bit 
bitbar  shorn  and  (b)  bit  bltbar  gnd 
shorn  far  the  two  SRAMs  (defact  radius 
in  fim  and  critical  area  In  ym1) 

other  tail-bitmap*  with  metal  2  shorn  (BMB)  was 
equal  for  both  kinds  of  SRAMs  Table  2  gives  the 
measurement  and  simulation  results  for  the  relative 
yield  of  the  SRAMs. 

From  this  result  it  is  evident  that  the  defect  model 
and  critical  area  concept  presented  her  ate  sensitive 
tools  for  the  evaluation  and  tuning  of  yield  related 
layout  properties. 


Yield  (SRAM2) 

measured 

calculated 

Yield  (SRAM!) 

Bitmaps  BMA 

0.65  a  0.10 

0.5 

Bitmaps  BMB 

1.04  ±  0.12 

1 

Table  2:  Relative  yield  for  two  electrically  identical 
SRAMs  with  Afferent  layouts,  measured  and 
calculated  remits  need  confidence  intervals  (to). 
BUA  are  the  fallbitmaps  caused  by  metal  2  bitline 
shorts  a%d  bltline  gnd  shorts,  having  a  Afferent 
critical  area  function  for  the  two  SRAMs  BMB  art 
all  other  metal  2  related  fattbttmapo. 
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6.  CONCLUSION 

The  concept  of  critical  area  calculation  together 
with  precise  defect  and  yield  modeling  was  applied 
in  an  industrial  experiment.  The  parameters 
necessary  for  yield  prediction  could  be  determined 
for  the  metal  and  contact  layers.  To  confirm  the 
dependence  of  yield  on  layout  topology,  the  change 
of  yield  for  s  variation  in  the  memory  ceC  layout  of 
an  SIAM  tree  timnlmed  and  measured  with  good 
agreemem.  Thus  s  methodology  is  tvsilabie  for 
accurate  yield  prediction  and  layout  analysis.  This 
method  cm  be  applied  to  optimise  terhaotngy  and 
Oaf?  nr  pew. 
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I  INTRODUCTION 

Microelectronic  manufacturers  must  produce 
devices  with  very  good  yield.  These  devices  must  also 
have  e  mean  tine  to  failure  higher  dun  tea  yean.  At 
the  present  tune,  this  objective  is  note  and  more 
difficult  to  be  obtained  as  the  Integration  density 
increases  continuously,  and  to  the  dimensions  of 
transistors  (the  gate  length,  the  gate  oxide  thickness^..) 
tec  reduced.  So  the  use  in  production  line,  of  a  quick 
and  reliable  test  capable  of  predicting  yield  or 
reliability  problems  b  very  hnpottsnt 

For  Electrically  Erasable  Programmable  Read 
Only  Memories  (EEPROMX  m  eventual  yield  (or 
reliability)  degradation  is  often  attributed  to  the  oxide 
quality.  In  this  study,  thb  oxide  quality  b  defined  by 
the  detectivity  determined  from  the  charge  injected 
before  breakdown  (Qy)  dbsributioo  obtained  on  test 
MOS  capacitors.  The  Qy  value  am  be  deduced  either 
by  the  constant  current  stress  or  by  the  exponential 
ramp  currant  stress  methods.  Due  to  its  lower 
consumed  that,  the  bder  teems  to  be  well  adapted  to 
manufketuren. 

la  thb  study,  see  describe  the  method  which  b 
used  to  determine  the  detectivity.  Then,  we  prove  (hat 
standard  probe  functional  or  reHabOity  yields  can  be 


correlated  to  oxide  detectivity  defined  for  different  Qy 
values. 

2  EXPERIMENT 

The  Exponential  Ramp  Current  Stress  method 
(ERCS)  [I)  b  used  to  determine  oxide  detectivity.  It 
has  several  advantages  on  the  other  methods: 

_  It  is  a  time-saving  accelerated  test 
(typically  less  than  20  seconds  per  studied  MOS 
capacitors). 

_  It  explores  a  large  Qy  range  (more 
than  6  orders  of  magnitude). 

_  It  b  of  a  particular  interest  in  the 
identification  of  early  tails.  By  the  other  methods  used 
to  determine  oxide  quality,  these  early  failures  are 
oftco  not  detected. 

The  initial  currant  density  b  I  O'5  A/cm 1  and  the 
staircase  ramp  rate  used  b  0.1  decade  per  second.  The 
gate  voltage  reading  is  performed  just  before  the  end 
of  each  step.  The  breakdown  criterion  b  satisfied  if  the 
voltage  abruptly  shuts  down  (V,<  0.8VM).  So,  the  Qy 
measurement  b  affected  by  a  systematic 
overestimation,  due  to  the  last  step  time. 

The  results  are  plotted  m  a  Gumbel  plot  which 
represents  the  variation  of  Ln(-Ln(l-P))  versus 
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LcftOuX  where  P  is  the  cumulative  probability  for 
capacitors  to  fail  with  an  injected  charge  lees  than  Qw- 
The  distribution  presents  generally  two  parts: 

_  The  breakdowns  observed  Cor  low 
Q*  values  ate  said  extrinsic.  They  characterize  (be 
oxide  detectivity  defined  by  (2): 


D(Qm) 


(|) 


where  P(Q^)  is  the  cumulative  probability  to  find 
capacitor!  which  fail  with  a  Q*  value  lower  than  Q 

M 

,  A  is  the  area  of  test  capacitors. 

_  The  breakdowns  obtained  for  the 
highest  values  of  art  called  intrinsic.  We  define 
the  intrinsic  by  PfQ^j-0.9. 

Evidently,  it  is  required  that  the  gate  and  tunnel 
oxides  used  in  EEPROM  must  have  the  lowest 
detectivity  and  the  highest  intrinsic  value. 


3  RESULTS 


75%  of  the  distribution  respectively.  The  bottom  end 
the  top  of  whiskers  give  10K  end  90%  of  the 
distribution  respectively.  On  figure  1,  we  can  observe 
that  some  lots  present  an  anomalous  distribution 
related  to  problems  identified  or  not  during  the 
process. 


Figure  I:  Box  plot  Log(  Q*)  of  each  lot 

We  have  distinguished  four  lots  labelled  1  2  3 
and  4  which  present  a  singular  distribution  compared 
to  the  other  lots.  We  have  plotted,  in  figure  2,  the 
Cumbel  plots  of  these  four  lots. 


3.1  Fractional  yieM 

We  have  systematically  compared  the  standard 
probe  functional  yield  (YJ  detests  mod  after  200 
successive  write  and  treat  cycles  and  the  gate  oxide 

defectivity  on  27  lots.  The  detectivity  is 

measured  on  test  MOS  capecitors  (A-10°cm',> 
ttw-33nm)  processed  with  the  same  steps  tbsn 
EEPROM.  We  have  tested  five  capecitors  per  wafer 
and  six  wafers  were  randomly  chosen  per  lot.  We  have 
verified  that  the  Oumbel  plot  obtained  with  these  30 
capacitors  art  practically  identical  to  the  one  obtained 
with  250  capacitors. 

Figure  1  represents  for  each  lot  the  distribution 
of  Log (  Qu)  represented  by  a  box  plot  representation. 
The  bottom  and  the  top  of  boxes  represent  25%  and 


Figure  2:  Gumbel  plots  of  the  four  selected  lots :  1  (fill 
square),  2  (diamond),  3  (star),  4  (open  square) 

In  order  to  correlate  D(Q  )  with  the  standard 
bd 

probe  fimcdoul  yield,  we  must  chose  a  Q  value  as 

bd 


tow  o  possible  with  the  condition  chat  the  number  of 

capacitors  which  fail  with  Q*  lower  than  it 

significative.  For  the  used  process,  the  area  end  the 
number  of  studied  capacitors,  we  have  chosen 

Q^«10  >C'cn>'.  We  compere,  in  table  1,  the  intrinsic 

Q^,  end  the  deftctivity  with  the  sandard  probe 
functional  yield  (YJ,  for  the  four  selected  lots 


Table  I:  Intrinsic  breakdown,  detectivity  and  yield  of 
the  four  Mlected  lots 

It  appears  that  the  yield  is  correlated  to 
extrinsic  detectivity  and  not  to  intrinsic  Q^.  A  second 
order  polynomial  expression  gives  s  good  fit  of  the 
empirical  relation  between  Y  and  D(10'JC/cmI).  This 
relation  is  representative  of  the  design  of  the  memory 
cells  ml  of  the  used  process.  No  correUtioo  was 
observed  on  some  other  lots.  For  them,  we  have 


3.2  RfhahMty  yield 

The  same  methodology  was  applied  to  qualify 
some  processing  steps,  end  particularly  the  polysilicon 
deposition.  Two  lots  labelled  A  and  B  of  EEPROM 
devices  were  identically  processed  except  for  the 
polysUicoo  gate  deposition  earned  out  in  two  Heps.  A 
first  potysilicoo  film  was  deposited  (thickness  of 
SOnm)  in  a  LPCVD  reactor  with  a  very  slight  flow  of 
nitrogen  for  lot  B  end  without  gaz  flow  for  lot  A.  Then 
the  wafers  were  etched  in  s  HF  solution  (1%)  during 
30  seconds.  The  final  gate  thickness  (4S0nm)  has  been 
obtained  by  a  second  polysilicon  deposition  with  the 
same  conditions  for  the  two  lots. 

We  compere,  in  table  2,  for  both  lots,  the 
standard  probe  functional  yield  Y,  of  devices 
determined  as  previously,  the  reliability  yield  Y» 
obtained  after  a  write  operation  followed  by  10* 
readings,  the  intrinsic  charge  injected  before 
breakdown  Qy  (P-0.9)  and  die  detectivity  D 
measured  on  test  MOS  capacitors  with  gate  oxide 
(Gjapacitors:  t_-33nm,  A-IO’cra1)  or  tunnel  oxide 
(T_capacitore:  t--9nm,  A-2.4  lO^cm1).  The  Gumbeis 
plots  for  the  two  types  of  capacitors  and  for  each  lots 
ire  given  in  figure  3. 


verified  that  the  eventual  yield  degradation  b 
associated  to  identified  problems  independent  of  the 
gate  oxide  quality  (like  particles,  contaminations, 
parametric  problems, ...).  It  b  possible  to  mite  for  all 

lots  Y  £  eD1  +  bD+c  (with  a-  -  2.8  10"W*,b- 
5.6  lO^cro4,  c-93). 

These  results  indicate  that  the  standard  probe 
functional  yield  b  reduced  when  the  gate  oxide 

detectivity,  defined  for  Q  “lC’C/cm*,  is  higher  than 
M 

50cmJ. 
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Figure  3  :  Gumbel  plots  of  gate  (diamond)  end  tunnel 
(square)  of  lot  A  (open  symbols)  and  lot  B  (fUl 


symbols) 
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We  can  observe  different  poind: 

_  For  the  lot  A,  the  intrinsic  charge  injected 
before  breakdown  is  slightly  higher  for  T_cjpachors 
than  for  G.capncttors.  It  is  well  known  that  the  tunnel 
oxide  (l^clOnm)  better  mist  to  F.N.  eiectrao 
injections  than  the  gate  oxide  C20nm<^,<40mn).  This 
observation  can  also  be  justified  by  the  larger  are s  of 
Gcapnciton  Both  conjugated  reasons  could  also 
explain  why  the  breakdown  distribution  of 
T_capacieors  ate  less  dispersed  than  the  one  of 
Gcapacttors. 

The  T_capacitors  of  lot  B  present  two 
distinct  breakdown  distributions.  The  distribution 
which  corresponds  to  lower  charges  injected  before 
breakdown  (between  lC’C/cm*  and  lO^C/cm*) 
presents  a  smaller  dispersion  than  the  usual  extrinsic 
distributions  observed  in  figure  2.  It  can  be  assumed 
that  the  breakdown  for  these  Qw  values  is  initiated  by 
a  well-defined  type  of  defect  which  occurs  wife  a  great 
probability  for  the  lor  B  (more  than  70%  of  fee  whole 
distribution).  The  second  type  of  dhhribution 
corresponds  to  intrinsic  breakdowns  which  happen  for 
a  charge  injected  before  breakdown  only  slightly 
smaller  for  the  lot  B  than  for  the  lot  A. 

_  For  fee  G  capecitors  of  fee  lot  B,  we  have 
essentially  observed  only  one  breakdown  distribution 
which  probably  corresponds  to  the  same  type  of 
defects  presumed  to  be  also  present  in  T_capadtors. 
The  detrimental  effect  of  these  defects  is  more 
pronounced  in  T_capacitors  due  to  their  thinner  oxide 
thickness.  The  singular  distribution  obtained  for  fee 
T  capecitori  is  not  obeerved  for  fee  G_capechors 
became  their  area  is  larger. 

_  No  significative  difference  was  observed  on 

fee  gate  oxide  detectivity  defined  for  Q^-lO^C/cm* 

on  both  lots.  This  observatioo  can  be  correlated  wife 
the  feet  feat  the  standard  probe  functional  yields  Y,  of 
both  lots  are  identical 


However,  fee  reliability  yields  Y»  of  both  lots 
are  folly  different  The  memories  of  tot  B  are  nearly 
all  non  functional  after  the  reliability  test  when  the 
memories  of  lot  A  are  almost  not  pertubed.  This 
difference  of  behaviour  could  be  related  to  the  values 
of  fee  tunnel  oxide  detectivity  corresponding  to  a 

higher  value  of  Q  than  to  the  one  adopted  for  the 
hd 

gate  oxides.  The  value  Q^-dlC/cm*  proposed  by 

P.Cappelktti  (3  j  for  the  definition  of  the  tunnel  oxide 
defectivhy,  which  is  reported  in  table  2,  seems  to  be 
well  adapted  to  quantify  fee  differences  observed  on 
the  Qw  distribution  between  the  two  lots.  The 
detectivity  D(IO''C/em*)  is  unchanged  for  the  gate 
oxide  when  it  is  quite  different  for  the  tunnel  oxide  of 
both  lets  in  relation  wife  the  difference  observed  on 
reliability  yield  Y». 


Table  2  :  Intrinsic  breakdown,  defectivity  for  gate  and 
tunnel  oxide,  relative  standard  probe  functional  yield 
and  yield  after  reliability  test  (R.T.)  for  the  lot  A  and 
B. 

In  order  to  find  an  explanation  of  these 
observations,  the  first  potysiticoo  was  removed  after 
the  wet  etching.  We  have  observed  by  scanning 
electron  microscopy,  only  for  the  gate  and  tunnel 
oxide*  of  lot  B,  a  multitude  of  small  and  shallow 
creten,  as  shown  hi  figure  4. 


t 
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Figure  4:  An  example  of  die  amen  observed  after  the 
removal  of  die  polyiilicoo  for  the  lot  B. 

It  can  be  assumed  that  during  the  wet  etching  of 
the  lot  B,  die  HF  etches  partially  and  locally  the  gam 
and  the  tunnel  oxides  through  pinholes  or  grain 
boundoies  of  the  tint  polysilicon  flhn.  confrarily  to 
lot  A,  where  the  oxides  are  not  degraded  by  this 
etching.  These  a  mas  could  be  at  die  aright  of  the 
shills  observed  for  the  breakdown  distributions  of  the 
lot  B  and  of  the  reliability  yield  degradation  of  this  lot 


corretelion  between  D(Qw"10'’CAan*)  of  test 
G.capacfcocs  end  Y,  from  one  part  and  between 
tXQwaIO'lC/cmI)  of  T_capachors  and  Y*  for  the 
other  part  It  appears,  consequently,  dun  the  ERCS 
method  is  suitable  to  qualify  tunnel  and  gate  oxides. 


Rrftnsm 

(1]  P.Cappelktti,  P.Gbezzi,  F-Pio,  C.Rlva  Free  IEEE, 
International  Conference  on  Microelectronic  Test 
Structure  (ICMTS)vol  4,  N« I.  p.Sl  (1991) 

(2]  C.M.Osbum,  D.W.Ormcod  J.EIectrochem  Soc., 
119,  p.591,  (1972) 

(3]  P.Cappelletti,  A.Panchieri,  L.Ravazzi  Proc 
ESREF93,  p.77  (1993) 


l  4  CONCLUSIONS 

In  this  contribution,  it  appears  that  the  oxide 

detectivity  D(Q  w>  is  correlated  to  the  stnated  probe 

Amctional  yield  Y,  and  the  reliability  yield  Y,  of 
EEPROM.  The  choice  of  the  charge  injected  before 

breakdown  ,  Q^,  depends  on  the  «ea  of  the  lest 
capnchow  and  on  dta  oxide  thickness.  This  value  of 
Qu  must  also  be  different  if  the  detectivity  is 

wsoctekd  to  Y,  or  Yk.  We  have  (bond  ter  our 
technology  and  for  our  test  capacitor  area,  a  good 
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ABSTRACT 

A  set  of  tot  patterns  to  qualify  the  reliability  of  ASIC 
technologies  has  been  npecrttoaUy  devefopped  and 
implemented  Results  on  bulk  CMOS  and  SOS  test  lots 
show  that  the  proposed  approach  yields  a  valuable  tool 

I.  INTRODUCTION 

For  space  systems.  Application  Specific  Integrated 
Circuits  (ASICs)  offer  key  advantages  in  reducing 
power  consumption  and  weight  Since  ASICs  are 
manufactured  in  very  small  series,  traditional  reliability 
assurance  test  methods  for  large  volume  electronic 
components  are  costly  to  apply  Alternative  methods 
based  on  test  structures  have  often  been  proposed.  They 
are  commonly  used  by  teasconductor  manufacturers 
However,  results  are  usually  considered  commercially 
sensitive  and  therefore  frequently  unavailable  to 
customers 


The  European  Space  Agency  (ESA)  has  studied  the 
coocept  of  using  a  set  of  test  structures  for  assessing  a 
given  IC  technology  instead  of  considering  each 
paiticuiar  ASIC  One  advantage  of  such  a  method  is  that 
it  allows  to  apply  statistical  control  methods  in  order  to 
assure  that  no  reliability  hazard  has  been  introduced  by 
the  manufacturing  process  The  results  from  such  tests 
should  form  the  busts  for  reducing  or  completely 
omitting  tome  lengthy  life-tests  This  should  allow  both 
reducing  the  pans  cost  and  increasing  the  confidence  in 
the  reliability  of  ASICs  used  in  space  protects 

To  implement  that  concept,  a  method  based  on  a  test 
chip  has  been  chosen.  CSEM,  in  dose  collaboration 
with  the  ESA  and  GEC  Ptesscy  Semiconductors,  has 
designed  such  s  chip,  which  has  then  been  integrated 
and  evaluated,  both  in  the  CMOS  and  SOS 
technologies.  This  lest  pattern  set,  together  with  the 
corresponding  mesurement  methods,  provides  an  useful 
toot  for  ASIC  technology  assessment 
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Figure  I,  The  TAR  layout. 


2.  TEST  PATTERNS  FOR  RELIABILITY 

Refaabtlity  «««<■"'“  is  normally  performed  as  the 
product  level  To  work  at  the  technology  level,  three 
different  approaches  may  be  used: 

•  The  yield  approach 

•  The  physical  approach 

•  The  "Mandard  product*  approach 

The  yield  approach  it  baaed  oa  the  idea  that  yield  is 
obviously  related  to  quality,  and  that  quality  is  related  to 
reliability.  It  must  then  be  possible  to  obtain  some 
information  oa  rebabilily  by  measuring  the  several 
partial  yicUb  which  characterize  a  technology  This 
sound  idea  suffers  from  some  drawbacks  In  particular, 
it  requires  the  the  disclosure  of  partial  yield  data,  which 
msy  esute  pf ofcAdos. 

The  physical  approach  is  baaed  on  the  knowledge  at  the 
several  ASIC  fhduremechMisae  Small  circuits  (the 
lest  patterns*)  are  then  designed  in  such  a  way  that 
they  are  very  sensitive  to  one  particular  effect.  Of  course 
Urn  relics  on  ihc  fact  that  all  the  possible  mechanisms 
are  taken  into  account  Unsuspected  potential  failures 
will  nor  be  delected  in  such  a  way 

Finally,  the  'standard  product*  relies  on  a  well-known 
1C  from  the  manufacturer's  catalogue  in  such  case  any 
behaviour  variation  is  due  to  the  technology.  This  has 
the  advantage  of  beeing  realistic,  but  it  is  quite  qiedfic 
to  a  particular  circuit,  and  furthermore  the  cauaes  of  a 
given  failure  may  be  difficult  to  analyse.  due  to  the 
complexity  of  the  design. 

Thus  it  may  be  seen  that  ail  there  three  poreibilitics 
have  their  own  advantages  and  drawbacks.  Therefore  s 
global  approach,  as  oac  proposed  sboald  rcsofi 
to  devices  from  all  there  three  families. 

From  a  general  point  of  view,  any  reliability  leal  chip 
should  falfU  the  Billowing  requirements: 

•  The  set  of  used  tern  structures  sad  measurement 
methods  must  provide  enough  informatioa  about  all 
process  induced  failure  mechanisms. 

•  To  gain  acceptance,  the  method  should  not  imply 
dierinsing  commercially  sensitive  information. 

•  Since  yield  and  quality  of  a  proem 

are  often  related,  large,  statistically  significant. 
structures  should  be  included. 

•  The  measurements  ou  the  chap  should  be 
performed  to  as  large  an  extent  re  poasfole  at  wafer 
level  rather  than  with  packaged  devices 


•  Besides  the  chip  itself,  guidelines  for  assessment  of 
lest  results  should  be  available  for  users 

X  WORK  PERFORMED 

CSEM  had  formerly  developed  a  set  to  study  the 
possible  physical  failure  mechanisms  (Ref.  I).  There 
Wing  Mat  structures  were  first  critically  screened 
New  patterns  aimed  at  measuring  partial  yields  (long 
chains  etc.),  dynamic  properties  and  stress  or  failures 
induced  at  assembly  stage  were  added.  This  test  set 
definition  was  performed  in  cfore  collaboration  between 
ESA  and  CSEM.  The  chosen  set  is  ’over  complete*  in 
the  sense  that  il  includes  a  number  of  analytical 
structures  that  is  normally  not  used  for  standard 
technology  assessment  but  could  help  in  pin-pointing 
potential  structures  related  to  ndidioo 

tolerance  (total  ionising  dose)  were  included  bid  specific 
structures  for  e  g.  Single  Event  Upsets  (SEU)  were 
excluded  since  they  strongly  depend  on  the  design  of  a 
circuit 

Then,  modular  designs  were  proposed,  both  for  s 
standard  1.3  micron  double  metal/single  poly  CMOS 
process  (TAR  design)  and  for  a  15  micron  SOS  process 
(TARSOS  design).  After  design  review,  CMOS  wafers 
were  processed  ai  CSEM  while  SOS  wafer  were 
manufactured  by  GEC  Ptessey  Semiconductors 

Finally,  the  completed  wafers  were  characterized  with 
special  attention  to  new  structures  introduced  in  the  set 
The  results  were  then  analysed  against  the  objective  of 
poasfolr  improvements  in  reliability  assurance  methods 
Suitable  measurement  procedures,  adapted  to  each 
pattern,  were  established,  luting  advantage  of  the 
observed  behaviours. 

4.  DESCRIPTION  OF  THE  SET  OF  TEST 
STRUCTURES 

Figure  1  shows  an  outline  of  the  complete  TAR  die  (8  x 
10  mm2)  with  the  modules  using  one  standard  pad- 
layout  to  facilitate  wafer  probing  of  most  structures. 
Structures  which  do  require  packaging  have  been 
grouped  on  the  die  to  facilitate  dicing. 

The  structures  sere  grouped  in  "analytical*  and 
’physical*  sets.  The  final  circuit  indudes  some  100 
elementary  structures  connected  by  spproximately  620 
(VANTAR)  or  *60  (TARSOS)  pads  for  probing  or 
bonding. 

From  (he  statistical  point  of  view,  several  structures  with 
s  tignrflranl  number  of  samples  have  been  designed  for 
partial  yield  analysis  of  continuity  or  insulation  between 
various  layers.  There  structures  are  baaed  on  the  well- 
known  ’track -cocnb'pattem  (Ref.2).  They  involve  severe 
topology  and  minimum  design  width  to  assess  the  most 
critical  cases  of  any  circuit  design  Each  pattern  comet 
in  four  different  sizes  with  area  ratio  1,  2.  4,  and  200 


(Ref.  3).  The  Ur  got  patterns  are  900-900  urn5,  which 
means  that  they  correspond  to  a  real  rate  case 

The  die  contains  structures  lo  assess  several  physical 
phcttN&GBA: 


•  Surface  pollution,  detected  by  special  parasitic  MOS 
transistor  with  incomplete  gates. 

Furthermore,  very  simple  circuits  have  been  introduced 
as  standard  devices 
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•  Electron! grat ion.  with  arrays  of  parallel  metal  lues, 
with  ud  without  step* 

•  Corrosion,  with  pairs  of  parallel  metal  lues 

•  Oxydc  breakdown,  with  a  family  of  MOS  capacitor 
having  all  possible  edge  coodtuoos 

•  Leakage  currents,  with  a  family  of  dudes,  having 
once  again  all  possible  edge  conditions 

•  Hot -earner  degradation,  with  paired  MOS  transistors 
(tee  Ague  2)  The  idea  ts  to  stress  one  member  of 
the  parr,  and  to  keep  the  other  one  for  reference 

Scene  simple  patterns  have  also  been  includes  to  explore 
latch-up  and  electrical  ovcrsucss  effects,  whereas  these 
phenomena  do  depend  more  on  the  circuit  design  than 
on  its  technology 


•  Ring  oscillators 

•  Inverter  chains 

•  Operational  amplifiers 

Finally,  numerous  analytical  patterns  aim  at  an  in-depth 
knowledge  of  the  technology,  allowing  to  particular  to 
gauge  us  behaviour  under  irradiation: 

•  MOS  transistor  matrices 

•  CV  capacitors 

•  Gated  diodes 

•  Edgcles  MOS  transistors 

•  Lmewidth  measurement  structures 
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j  Figure  2.  Poind  MOS  transistor  for  hot-tlettron  tfftot 

j  charactrriiation 

I 

I  For  the  sake  of  completeness,  a  number  of  packaging 

related  problems  have  been  taken  into  account: 

•  Stress,  which  may  be  estrmatede  with  a  strain  rosette 

•  Metal  line  displacement  at  the  chip  edge,  detected  by 
possible  crack  in  a  thin  potynlicoo  line  running 
along  a  broad  meal  band 

•  Silken  or  sapphire  edge  cracking  (dae  to  dicing), 
detected  by  a  thin  meal  wire  running  all  around  the 
chip. 


•  Sheet  resistance  measurement  structures 
S.  SOME  RESULTS 

The  purpose  of  the  measurements  performed  on  the  test 
lots  was  to  define  rcaltsbc  measurement  prescription, 
and  to  check  the  soundness  of  the  proposed  patterns. 

Several  interesting  results  were  obtained  For  instance, 
figure  4  shows  the  wafer  yield  for  metal  2  to  metal  2 
shorts  on  one  given  fnbocstioo  lot  No  srgnficant 
dependency  in  the  topography  may  be  observed. 

Electromigrauoo  was  measured  for  both  metal  layer  by 
resorting  to  an  array  of  SO  lines  stressed  in  parallel  (Ref 
4)  A  typical  result  is  given  in  figure  S.  The  mean  time 
to  for  lure  -  under  accelerated  conditions  -  can  be  seen  to 
be  2  hours  for  metal  I  and  90  bouts  for  metal  2  These 
data  compare  favorably  with  results  from  equivalent 
technologies. 

As  a  Inst  example,  figure  6  gives  the  hot -electron 
behaviour  characterized  with  a  method  described  by  C. 
Hu  (Ref.  3):  a  lifetime  is  defined  ns  the  time  required  for 
the  threshold  voltage  to  shift  by  10  mV  when  the 
transistor  is  stressed  at  constant  bulk  current.  Because  of 
fundamental  physics  coosideratkms,  a  log-log  plot  of  the 
lifetime  versus  the  bulk  current  should  yield  a  straight 
line  with  a  slope  of  -2.9.  This  is  indeed  the  cue  as  can 
be  seen  on  figure  6.  The  bulk  current  required  to  get  a 
given  lifetime  can  be  therefore  be  used  u  a  measure  of 
the  sensitivity  of  a  technology  to  hot  electron  effect! 
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Figure  5.  F/ecfromtgrafion  failure  distribution  as 
measured  on  a  CMOS  technology  The  upper  set  of  data 
points  are  tune  to  failure  for  Metal  2  lines,  (2  samples. 

3  pm  w  nk  tines)  uhile  the  toner  set  is  for  Metal  l  lines 
(i  samples.  2  tan  unde  lines /  Stress  t  mdttion  is  150  °t\ 
I  i*/<P  A  cm-  CSUIdata 


Figure  i.  Detail  of  TARSOS  dm  Packoff  related 
structures  mchsding  strain  rosette.  late  Asplacrmenl 
detract,  edge  >tiuar  far  chip  flaking.  art  structures  for 
detecting  surface  ton  contamination 


Figure  4.  Wafer  yield  histogram  for  metal  2  to  metal  2 
shorts  (  OEM  data,  lest  patterns  900  X  900  psa1) 


BUUC  CUWWMT  (*] 

Figure  6.  Date*  lifetime  dee  to  hot  electron  effect  vs 
talk  current  CSFM  data 


i.  CONCLUSIONS 


The  wort  performed  to  this  project  has  shown  that  the 
developed  test  circuit  can  give  very  important  and  useful 
information  about  the  reliability  of  a  given  1C 
technology  The  test  circuit  aaed  in  combination  with 
tfee  RM9Mrancnt  mi  menacsi  developed 

can  form  a  valuable  contribution  to  the  ongoing  effort  id 
ESA  »  improve  the  efficiency  and  inaeaae  the 
confidence  in  the  procurement  of  high  reliability  ASICs 
for  space  applications 
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However,  relying  solely  oa  I at  structures  would  have 
ike  lututalioe  that  they  only  can  address  well  tdenttfied 
failure  mechanism*.  Obviously,  if  a  new  or  imnrpwvri 
phenomena  afftets  a  product,  it  is  not  certain  that  it 
•odd  he  detected  Another  area  of  caution  is  the 
correiauoa  between  failures  oa  tea  structures  and 
failures  on  ASICs.  Since  this  set  of  lest  omcturcs  has 
been  designed  to  be  pnnietdarty  sensitive  to  certain 
degradation  mechanisms,  failures  in  the  lea  structures 
arc  likely  »  occur  However,  conelaiing  sicfc  failures  to 
field  behaviour  of  a  particular  ASIC  is  far  from  easy, 
because,  among  other  reasons  the  precise  cause  of  the 
ASIC  bihare  is  in  general  aet  known 

Nevertheless,  the  proposed  tea  set,  in  combination  with 
ether  "tools*  such  as  audits,  line  inspections.  Total 
Quabty  Management  (TQM),  Statistical  Process  Control 
(SPCX  failure  mode  analysts  etc  should  allow  a 
Significant  decrease  of  the  required  edort 

The  recommcndaiina  from  that  work  is,  as  a  fua  step,  to 
apply  naimiml  control  methods  to  the  results  on  the  mi 
structures  manufactured  together  with  ASICs,  i  e  only 
nrarirr  relative  'reliability'  from  one  lot  10  another  and 
estabitth  pais/fail  crucna  based  on  the  statistical 
vanauon  of  parameters.  Data  will  he  noted  in  a 
database  Detailed  correlation  with  parts  could  then  later 
be  established  based  on  target  samples  The  information 
in  the  database  would  then  be  used  to  drew  up  specific 
crucna  For  succcwfiil  acceptance  of  lea  structure*  wed 
u  (jig  conHni  of  iKts  bod.  mnn>kf  fliip 
tests  a  the  product  level  will  probably  be  needed  in  the 
procurement  of  ASICs  far  ESA  projects 
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ABSTRACT 

A  new  design  approach  for  a  test  chip  developed  (o 
shorten  rhe  debugging  cycle  time  in  fabrication  is 
described.  This  approach  meets  the  requirements  for 
failure  analysis  as  well  as  parametric  and  statistical 
analyses.  Particular  attention  is  devoted  to  accurate 
defect  density  estimation  and  locating  individual  defects 
A  specially  designed  test  chip,  named  YTEG.  was  used  to 
evaluate  0  5-pm  CMOS  process  technologies,  and  as  a 
result  the  effectiveness  of  the  chip  has  been  confirmed 


1.  INTRODUCTION 

Test  chips  with  a  variety  of  test  structures  have  been 
widely  used  to  solve  debugging  process  problems  (Refs. 
I.  2)  However,  with  the  increasing  level  of  process 
sophistication  in  today's  LSI's,  obtaining  an  exact 
knowledge  of  what  causes  failures  has  become  quite 
difficult  using  conventional  test  structures  This 
difficulty  is  especially  senous  in  the  final  stage  of  process 
improvement  and  the  production  stage  to  follow,  because 
in  these  stages  basic  problems  have  already  been  solved, 
and  only  complicated  ones  remain.  Each  individual 
failure  needs  to  be  precisely  analyzed  to  debug  these 
problems  Conventional  lest  structures,  however,  lacked 
this  ability,  because  they  attached  more  importance  to 
parametric  and  statistical  analyses  than  to  failure 
analysis.  To  overcome  this  disadvantage,  we  developed  a 
specially  designed  test  chip  that  meets  the  requirements 
for  not  only  parametric  and  statistical  analyses  but  also 
failure  analysis 

In  this  paper,  the  strategy  of  the  tesi  chip  design  we  have 
adopted  is  described  in  section  2.  and  then  the  actual  test 
chip  design  procedure  is  presented  in  section  3.  Finally, 
some  examples  of  experimental  results  indicating  the 
effectiveness  of  this  test  chip  are  presented  in  section  4. 


Fig.  I  Yield  evaluation  using  lest  chip 

For  this  purpose,  a  yiel-’  model  for  each  yield-loss  factor 
is  constructed  using  the  respective  fault  distribution  in  a 
wafer.  Then,  using  the  model,  each  factor's  contribution 
to  real  chip  yield  is  inferred  by  comparing  the  yield  of 
each  individual  factor  and  that  of  the  total  technology 
evaluation  structure  or  that  of  a  real  chip.  The  other  is  the 
debugging  of  process  problems  concerning  with  each 
yield-loss  factor.  For  this  purpose,  the  intrawafer  fault- 
distribution  data  for  each  individual  factor  are  compared 
with  those  for  the  relevant  process  steps.  Through  this 
study,  the  process  steps  in  trouble  are  inferred,  and  the 
data  are  fed  back  to  process  engineers.  By  repeating  this 
process,  the  total  yield  is  improved.  To  get  the  test  chip  to 
fully  play  these  roles,  the  following  strategy  was  adopted 
for  designing  it. 

Z.  LMauiintfulica  immure 


2.  STRATEGY  OF  TEST  CHIP  DESIGN 

Optimal  test  structures  vary  with  the  stage  of  process 
improvement,  and  this  factor  must  be  taken  into 
consideration  when  designing  test  chips.  In  this  study,  we 
intended  to  develop  a  rest  chip  useful  for  the  final  stage  of 
process  improvement  and  the  following  production  stage. 
The  roles  of  a  test  chip  in  these  stages  are  described  in 
Fig.  1  The  test  chip  data  for  individual  yield-loss  factors 
with  high  accuracy  obtained  through  electrical 
measurements  and  failure  analyses  are  used  for  two 
purposes  One  is  the  yield  prediction  of  real  LSI  chips. 


Conventional  test  chips  usually  contain  a  full  set  of  test 
structures  for  obtaining  parametric  data.  Considering  the 
necessity  of  having  a  rather  large  area  for  each  structure 
to  evaluate  LSI  yield  accurately,  however,  this  method  is 
not  suitable  for  our  chip.  Only  the  most  effective  test 
structures  were  designed  based  on  extensive  failure 
analyses  of  real  chips  to  prevent  missing  the  structures 
associated  with  dominant  failure  modes. 

12  Amina  dcfca  denary  ctmauion 

Multiple  defects  in  a  structure  must  be  detected 


individually  Otherwise,  defect  density  estimated  from 
statistical  test  structures  includes  some  ambiguities 
because  of  the  lack  in  clustering  information.  Since  it  is 
difficult  to  solve  this  problem  only  by  electrical 
measurements,  the  test  structures  were  designed  to  be 
suitable  for  both  electrical  measurements  and  failure 
analysis 

2.3  Eas?  in  totaling  tefctis 

Exact  knowledge  about  failures  shortens  the  debugging 
cycle  time.  Therefore,  optimal  methods  for  locating 
defects  are  to  be  applied  independently  or  in  combination 
depending  on  the  objective  failure  mode.  The  design  and 
size  of  each  test  structure  was  decided  according  to  the 
defect-locating  method  chosen. 

2.4  Parametric  data  monitoring 

As  parametric  errors  are  not  assumed  in  this  study,  only 
small  test  structures  were  included  to  monitor  parametric 
data  such  as  threshold  voltage,  sheet  resistance  and 
contact  resistance  They  were  placed  in  the  scribing  lines 
between  chips  (where  the  dicing  saw  cuts),  and  were 
completely  the  same  as  those  in  real  chips.  Placing 
common  monitoring  structures  enables  us  to  easily 
detect  unusual  process  conditions. 


3.  ACTUAL  DESIGN  PROCEDURE 

An  actual  test  chip  was  designed  to  examine  an  SOG  gate 
array  process  with  0.5-nm-design-rule.  3-layer-metal  and 
N-well  CMOS  technologies.  The  chip  was  named  YTEG 
(Yield  evaluation  Test  Element  Group).  The  yield 
evaluation  procedure  using  the  YTEG  is  shown  in  Fig.  2. 
First,  all  chips  are  evaluated  using  an  LSI  tester,  and  fault 
cell  maps  are  obtained  for  each  structure  (step  I).  Next, 
defects  are  accurately  located  using  light  emission 
microscopy  (LEM)  or  liquid  crystal  analysis  (LCA)  (step 
2).  Then,  the  defective  locations  are  observed  by  a  photo 
microscope,  and  the  defects  clearly  caused  by  particles  or 


STEP  4:  Physical  analysis 


scratches  are  sorted  out  (step  3).  Finally,  the  destructive 
inspection  is  performed  for  the  residual  defects,  and  the 
cause  of  each  fault  is  identified  (step  4).  Through  the  step 
2  to  the  step  4,  a  quick  failure  analysis  system  is  used 
(Ref.  3).  To  facilitate  easy  adoption  of  Ihis  procedure,  the 
chip  and  the  structures  were  designed  as  follows. 

3. 1  Electrical  measurement 

Both  for  shortening  evaluation  time  and  obtaining 
statistically  valid  data  simultaneously,  the  YTEG  chip 
was  designed  to  be  applicable  to  the  sane  LSI  tester  for 
LSI  evaluation.  For  this  purpose,  the  YTEG  pattern  was 
fabricated  on  an  SOG  gate  array  substrate  after  contact 
level,  i.e„  the  chip  size  and  the  arrangement  of  probing 
pads  were  the  same  as  those  of  SOG  gate  array  devices. 

Many  of  the  test  structures  were  measured  with  direct 
current  using  two  terminals.  However,  some  test 
structures  were  divided  inlo  small  cells  (see  section  3.3). 
To  overcome  the  pad  number  limitation,  an  array  of  small 
cells  with  X  and  Y  decoders  was  introduced,  and  each 
cell  was  evaluated  by  go/no  go  testing.  As  shown  in  Fig. 
3,  one  small  cell  is  selected  using  X  and  Y  decoders.  The 
cell  circuit  is  rather  simple,  consisting  of  a  NAND  gate 
and  a  series  of  two  PMOS  transistors  and  a  structure  to  be 
evaluated.  Since  the  output  voltage  Oi  varies 
systematically  with  the  resistance  of  the  structure,  the 
upper  and  lower  limit  of  Oi  for  go/no  go  testing  can  be 
calculated  from  the  acceptable  value  range  of  the 
resistance. 

3.2  Failure  modes  and  locating  defects 
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Fig.  2  YTEG  evaluation  flow. 


Fig.  3  Test  structure  cell  array  with  decoders. 


Table  I  Failure  modes  and  analysis  methods 


Failure  mode 

Analysis  method 

Design  consideration 

Gate  oxide  leakage 
Junction  leakage 

LEM.06IC 

LEM,  OBIC 

Large  cell  size,  2  terminal 
(to  raise  detection  probability) 

Poor  contact 

Poor  metabzation 
Metakzatfoo  short 

LEM.LCA.EBT 

LCA.EBT 

LCA 

Small  cell  size  with  decoder 

Series  resistance  of  cell  <  1 0  kfi 
(to  flow  1 0  mA  at  1 0  V) 

As  mentioned  in  section  2.3,  different  methods  for 
locating  defects  can  be  applied  independently  or  in 
combination  depending  on  the  objective  failure  mode. 
Gate  oxide  leakage  and  junction  leakage  can  be  identified 
by  LEM.  Failed  vias  and  void  generation  positions  can 
also  be  detected  by  LEM  under  appropriate  joule  heating 
conditions  because  it  is  sensitive  to  lR-tays  radiated  ffom 
materials  at  temperatures  higher  than  about  250 'C.  Short 
and  resistive  positions  can  also  be  located  by  LCA. 
Whether  LEM  or  LCA  is  used  depends  on  the  degree  of 
resistance  increase  at  these  positions.  Open  positions  can 
be  located  by  observing  voltage  contrast  images  from  an 
EB-tester  or  an  SEM. 

3.3  Size  limit  of  unit  cells 

The  limit  of  the  unit  cell  size  of  a  test  structure  varies  with 
its  objective  failure  mode,  since  the  defect  location 
method  differs  according  to  the  objective  failure  mode. 
For  gate  oxide  and  junction  failures,  large-sized  test 


LEM:  Light  emission  microscopy 
OBIC:  Optical  beam  induced  current 
LCA:  Liquid  crystal  analysis 
E8T:  Electron  beam  testing 

structures  are  permissible  since  defect  positions  can 
easily  be  located  by  LEM  even  if  multiple  defects  are 
generated  in  a  structure.  On  the  other  hand,  for 
interconnection  failures,  although  large-sized  test 
structures  are  desirable  from  the  viewpoint  of  statistical 
analysis,  the  size  is  limited  by  series  resistance  because 
an  adequate  amount  of  current  must  be  applied  to  heat  up 
resistive  portions  by  joule  heating  to  locate  them  by  LEM 
or  LCA.  An  array  of  small  cells  with  X  and  Y  decoders, 
shown  in  Fig.  3,  was  introduced  to  satisfy  the  above 
contradictory  demand  from  statistical  and  failure 
analyses.  The  array  configuration  is  also  effective  in 
detecting  multiple  defects  individually  in  a  large-sized 
test  structure. 

Table  I  summarizes  the  relationship  between  failure 
modes  and  analysis  methods  with  design  considerations 
relevant  to  cell  size  included  as  well. 

3.4  Chip  layout 


(a)  Contact  resistance 
evaluation 

•  Using  decoder 

•  Contact  chain  on  polySi 
«  Via  chain  on  metaf  I 

•  Via  chain  on  metal  2 

(b)  Short  evaluation 
between  metal  layers 

•  Intralayer  short 

metal  1 
metal  2 

•  Interlayer  short 

metal  1  *  metal  2 
metal  2  -  metal  3 

(c)  Junction  leakage 
evaluation 

(d)  Total  technology 
evaluation 

•  Shift  resister  array 

(e)  (the  rest  of  the  area) 
Degradation  evaluation 

•  Gate  leakage 

•  Hot  carrier 

•  Electromigration 

•  Parastic  MOS  transistor 


Fig.  4  Layout  of  YTEG. 


Figure  4  shows  (he  layout  of  the  YTEG  chip.  The  chip 
consists  of  four  subchips,  and  total  chip  size  is  IS  mm  x 
IS  mm.  Test  structures  are  categorized  into  five  groups, 
and  each  group's  objective  is  described  in  the  figure. 
Group  (a)  consists  of  several  serpentine  patterns.  The 
underlying  topography  was  varied  intentionally  from 
pattern  to  pattern  to  obtain  different  via  hole  depth. 
Group  (b)  consists  of  several  modified  comb  patterns 
including  the  most  severe  spaces  from  the  viewpoint  of 
design  rule  and  underlying  topography.  Group  (c) 
consists  of  several  parallel  cell  arrays  in  which  the 
positions  of  metal  1-to-junction  contact  holes  were  varied 
from  pattern  to  pattern  to  examine  the  influence  of 
peripheral  structures  such  as  field  oxide,  gate  electrode 
and  metal  1 .  Group  (d)  is  a  shift  resister  array  with  2400 
stages  using  D-F/F.  The  D-F/F  is  a  basic  circuit  cell  in  our 
cell  library,  which  was  found  by  failure  analyses  of  real 
chips  to  have  a  relatively  small  process  margin.  Group  (e) 
consists  of  several  special  test  structures  designed  to 
examine  various  types  of  degradation.  Some  of  them  will 
be  introduced  in  section  4. 


4.  EXAMPLES  OF  EXPERIMENTAL  RESULTS 

The  0  5-pm  CMOS  technology  was  evaluated  using  the 
YTEG,  and  many  valuable  data  were  obtained,  some  of 
which  are  presented  in  this  section. 

4.1  Data  accuracy  enhancement 

Traditionally  test  structures  have  been  designed  with 
careful  attention  to  avoid  erroneous  measurements  or 
erroneous  interpretation  of  data.  However,  this  made  it 
necessary  to  have  a  great  deal  of  redundancy  when  only 
electrical  measurements  were  employed,  which  resulted 
in  an  increase  in  the  number  of  probing  pads  and  cell  size. 
Moreover,  the  possibility  of  making  mistakes  remained 
in  spite  of  these  efforts.  Using  the  yield  evaluation 
procedure  presented  in  Fig.  2,  this  disadvantage  was 


Cause  type 


Fig.  5  Ratio  of  failure  causes  for 
junction  leakag  test  structure. 


eliminated.  Figure  5  shows  the  ratio  of  failure  per  cause 
evaluated  using  the  group  (c)  structures.  Although  there 
remain  some  ambiguities  because  step  4  has  not  yet  been 
performed,  it  is  clear  from  the  figure  that  the  objective 
failure  cause,  alloy  spike  in  this  case,  is  responsible  for 
only  35  percent  of  the  failures  at  most.  If  all  failures  had 
been  taken  as  metal  1-to-junction  leakage,  considerable 
overestimation  would  have  occurred.  In  this  manner,  the 
data  accuracy  was  remarkably  enhanced. 

4.2  Assistance  for  process  improvement 

Careful  examination  of  the  data,  especially  using  the 
group  (e)  structures,  gave  imponant  information  for 
process  improvement.  Two  examples  are  presented 
below. 

4,2.1  Gate  oxide  leakage 

Electrical  measurements  were  first  carried  out  to  find  the 
faulty  chips.  Then.  LEM  was  performed  for  ihe  test 
structures  with  leakage.  The  results  are  shown  in  Fig.  6 
where  all  emission  sites  are  superimposed  on  a  single 
basic  cell  of  the  gate  array.  In  this  structure,  the 
metallization  is  wired  keeping  away  from  the  gate  oxide 
area  to  accurately  identify  the  position  of  the  emission 
sites.  Electrical  measurements  revealed  that  many  of  the 
leakage  paths  were  in  n-type  regions,  i.e„  in  the  source 
and  drain  regions  of  NMOS  transistors  and  the  channel 
regions  of  PMOS  transistors.  On  the  other  hand,  LEM 
results  indicate  that  leakage  tends  to  occur  at  structurally 
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Fig.  6  Structure  for  gate  leakage  detection. 
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(a)  Conventional  type 


(b)  2-Uy^type 


Fig.  7  NMOS  transistors  for  hot 
carrier  immunity  evaluation. 


the  same  positions,  and  these  results  are  the  same  as  those 
obtained  by  the  failure  analysis  of  real  chips.  No  emission 
site  was  observed  in  gate  areas  where  there  is  no  metal  1 
around  them.  These  results  indicate  the  possibility  that 
gate  oxide  leakage  occurred  due  to  the  complex  effects  of 
charge-up  and  stress-induced  gate  oxide  degradation. 

4.2.2  Hot  carrier  immunity 

The  two  types  of  NMOS  transistor  shown  in  Fig.  7  were 
included  in  the  YTEG  to  examine  hot  carrier  immunity. 
Figure  8  shows  that  the  hot  carrier  degradation  of  the 
conventional  type  was  larger  than  that  of  the  2-layer  type. 
In  the  figure,  the  life  time  is  defined  as  the  time  required 
for  the  threshold  voltage  shift  to  reach  a  certain  value 
(Ref.  4).  The  generation  of  damage  due  to  charge-up 
during  a  certain  process  step  between  metal  1  and  first  via 
formation  is  inferred  from  this  fact. 

4.3  Yield  prediction 

An  example  of  go/no  go  testing  data  of  the  group  (a) 
structures  is  shown  in  Fig.  9.  In  the  figure,  the  data  were 
arranged  in  order  of  physical  position  in  a  Chip. 
Examining  all  of  these  map  data  strongly  suggested  that 
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Fig.  8  Hot  carrier  immunity  dependence 
on  transistor  type. 

no  cluster  existed  at  interconnection  levels.  Furthermore, 
photo  microscope  inspection  confirmed  that  all  these 
defects  were  caused  by  particles  or  scratches.  These  facts 
indicated  that  Poisson  statistics  could  be  used  for  yield 
prediction.  Actually,  the  actual  and  predicted  yield  were 
compared  on  two  levels,  a  shift  tesister  array  in  the  group 
(d)  and  a  real  LSI  chip.  First,  the  defect  density  of  each 
yield-loss  factor  was  calculated.  Then,  a  device  yield  due 
to  each  yield-loss  factor  was  calculated  considering  area 
ratio  between  the  device  and  each  factor.  Finally,  the 
product  of  the  device  yields  for  all  factors  was  calculated, 
and  that  is  the  predicted  yield  (Ref.  5).  As  a  result,  wafer- 
to- wafer  agreement  was  obtained  between  the  actual  and 
predicted  function  yield  of  the  shift  resister  array.  Also, 
good  agreement  was  obtained  for  the  average  function 
yield  of  the  real  LSI  chip.  It  can  be  concluded  that  the 
function  yield  of  the  devices  fabricated  in  our  laboratory 
is  dominated  by  random  defects  caused  by  particles. 
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Fig.  9  Example  of  go/no  go  testing  data.  'O' means  pass  cell,  'NG1' fail  cell. 
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5.  CONCLUSION 


A  lesi  chip  that  meets  requirements  for  failure  analysis  as 
well  as  parametric  and  statistical  analyses  has  been 
developed  to  shorten  the  debugging  cycle  time  in 
fabrication.  For  this  purpose,  the  following  design 
strategy  was  adopted.  To  utilize  a  restricted  chip  area,  the 
most  effective  test  structures  were  designed  based  on 
failure  analyses  of  real  chips.  To  estimate  accurate  defect 
density,  the  test  structures  were  designed  to  be  suitable 
for  both  electrical  measurement  and  failure  analysis.  To 
locate  defects  easily,  the  design  and  size  of  each  test 
structure  was  decided  respectively  according  to  the 
defect-locating  method  chosen.  The  effectiveness  of  the 
test  chip  for  yield  prediction  and  process  improvement 
has  been  confirmed  through  application  to  evaluate  0.5- 
pm  CMOS  process  technologies. 
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ASIC  DESIGN  HOUSE  APPROVAL  -  THE  EVOLUTION  OF  A  STANDARD 
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ABSTRACT 

The  nature  of  modern,  custom  designed,  Integrated 
Circuits,  and  of  the  industry  which  produces  them, 
added  to  the  expectations  of  the  customers,  has  led  to 
problems  in  the  application  of  established  methods  of 
wmpiniMi  approval.  Research  identified  the  needs  of 
the  industry,  and  the  concepts  of  ASIC  Design  House 
Approval  followed  by  Process  Approval  and 
Tcxdinology  Approval  were  devised. 

Key  features  of  these  new  types  of  approval  are  the  use 
of  the  company's  own  quality  system  allowing  rapid 
approval  or  extension  of  approval.  The  application  of 
Technology  Approval  in  manufacturing  will  reduce  the 
cost  of  components,  giving  greater  confidence  in  their 
quality  and  reliability,  together  with  an  earlier  release. 

The  schemes  are  readily  applicable  to  the  activities  and 
operational  structures  of  the  Small  to  Medium 
Enterprises  (SMEs)  which  make  up  much  of  the  ASIC 
industry  today. 

L  WHY  IS  A  STANDARD  NECESSARY? 

Over  the  last  decade,  the  increasing  use  of  Application 
Specific  Integrated  Circuits  (ASICs)  and  their 
increasing  complexity,  has  led  to  concerns  over  their 
impact  on  the  reliability  of  the  equipment  into  which 
they  are  designed  By  their  nature,  ASICs  are  produced 
in  small  batches  and  this  leads  to  nuyor  difficulties  in 
both  reliability  and  reliability  prediction  of 

the  component.  Normal  techniques  such  as  life  testing 
and  burn-in  are  seldom  of  value  and  it  is  difficult,  if  not 
hnpomible.  to  compile  the  life  test  data  upon  which 
failure  rates  of  standard  components  are  based.  In  any 
case,  these  techniques  were  primarily  devised  to 
address  failure  ne^ntfliiy  and  th06C  du6  to 

manufacturing  ynfl  pwvwcn^g  fittlltS. 

A  bigger  problem  with  custom  components  is  the 
possibility  of  inherent  design  faults.  In  an  ideal 
world,  these  would  be  uncovered  through  thorough 
testing  but,  given  the  complexity  of  modern  ASICs,  it  is 
anfUMunM^fly  t*j^  (jf  inflffll  pfltfjMf)  tft  Hit  1 
device  exhaustively. 


widespread  amongst  the  ASIC  design  community.  The 
major  drawback  is  that  they  are  applicable  only  to 
digital  designs  and  are  not  appropriate  for  the  analogue 
or  mixed  signal  devices  which  are  becoming  more 
prevalent  In  addition,  the  integrity  of  the  design  will 
still  depend  upon  the  designer,  or  design  team,  for  the 
proper  use  of  such  tools.  Also,  the  fitness  of  purpose  of 
the  device  will  depend  upon  its  being  correctly 
specified.  The  specification  is  one  of  the  most 
prominent  sources  of  error  in  an  ASIC  design. 

In  the  latter  half  of  the  1980s,  in  a  project  initialed  by 
their  joint  Ministries  of  Defence,  this  problem  was 
investigated  by  a  team  of  ASIC  designers  and  users 
from  the  UK,  France  and  Germany  They  suggested  an 
alternative  approach;  that  the  activities  of  the  design 
facilities  and  of  the  design  process  itself  be  more 
closely  controlled  (Ref.  1).  In  the  UK,  the  Defense 
Research  Agency  (then  the  MoD  Procurement 
Executive)  were  already  working  on  a  standard  for 
ASIC  design  facilities.  This  was  published  in  1989  in 
BS9000  Pan  4  and  was  the  first  standard  in  the  world 
to  address  this  activity.  The  authors  were  involved  in 
the  development  of  this  standard  and  in  steering  the 
first  ASIC  design  house  (namely,  Walmsley 
Microsystems  Ltd  (WML)  of  Birmingham)  through  the 
process  to  become  the  first  company  to  gain  approval. 

The  experience  gained  has  contributed  to  the  evolution 
of  Process  Approval  and,  more  recently.  Technology 
Approval  which  have  been  adopted  by  the  CECC  (Refs. 
2  A  5).  These  schemes  are  now  being  taken  up  by 
other  sectors  of  the  electronics  industry  such  as 
ceramic  capacitors  and  printed  wiring  boards. 

The  following  sections  explain  the  thinking  behind  the 
BS9000  Pan  4  standard  for  ASIC  Design  Facilities  and 
the  lessons  learned  in  its  employment.  The  arguments 
are  then  expanded,  leading  to  the  concepts  of  Process 
Approval  and  Technology  Approval  and  their  wider 
application.  The  intention  is  not  to  spell  out  the 
requirements  of  the  individual  standards  (for  this,  see 
Reft.  2,  3  &  5),  rather  to  give  an  overview  of  the  basic 
principles  behind  them. 

Z  SETTING  THE  STANDARD 


Several  methods  devised  to  enhance  the  reliability  atxl  The  fundamental  philosophy  behind  these  standards  is 

fitnem  of  pupose  through  control  cf  the  design  process  one  of  approving  the  design  process  rather  than 

itedf  have  been  introduced.  In  certain  applications  qualifying  a  product  Thefirst  step  must  therefore  be  to 

quantitative  design  techniques  such  as  Formal  Methods  examine  the  ASIC  design  process,  identify  the  critical 

can  be  employed  to  give  a  device  with  a  totally  areas  and  then  to  establish  a  system  of  control, 

predictable  performance.  A  similar  approach  is  the  use 

of  a  so  called  High  Definition  Language  (of  which  Two  important  points  must  be  considered.  Firstly, 

VHDL  jg  one)  as  the  design  tool  Both  methods  custom  IC  design  is  typically  carried  out  by  a  small 

endeavour  to  ensure  the  integrity  of  the  device  output  group  of  people.  This  may  be  a  design  group  within  a 

fay  adopting  a  algorithmic  design  technique  combined  larger  company  (perhaps  an  equipment  manufectnrer  or 

with  a  mathematical  definition  of  the  device  inputs.  a  semiconductor  processing  house)  or  an  independent 

Both  have  been  used  soccerafoily  and  the  use  of  High  design  company.  Secondly,  'ASIC  Design'  often  means 

Definition  Languages  in  particular  ate  hemming  much  more  than  merely  drrigmng  a  device. 

511 


A  customer  ordering  an  ASIC  will  often  require  the 
design  facility  to  cany  out  the  design  and  prefect 
manage  the  component  through  production,  assembly 
and  test,  delivering  prototype  and  then  production 
devices.  Small  design  companies  usually  wort  within 
the  latter  scenario  but  will,  on  occasion,  cany  out  a 
pure  design  exercise.  Both  modes  of  operation  must 
be  allowed  for  if  the  standard  is  to  be  of  use.  To 
address  this,  BS9000  defines  two  classes  of  design 
activity  namely,  'Clast  A'  and  Class  B.'  Figure  1 
illustrates  this  extended  design  activity.  A  Class  A 
design  Quality  is  approved  to  cany  out  design  only, 
whilst  a  Class  B  facility  will  also  cany  out  or 
subcontract  the  other  functions,  acting  as  the  prime 
contractor  and  the  interface  to  the  customer.  A  Class  B 
facility  will  thus  be  involved  in  a  more  complicated 
operation.  These  are  certain  commercial  advantages  in 
being  independent  from  any  one  manufacturing  process 
and  many  small  companies  will  operate  to  this  model 


(layout)  design  roles  supplied  by  the  processing  house. 
The  performance  of  the  circuit  in  this  form  will  be 
technology  dependent  and  further  simulation  will  be 
carried  out  along  with  check!  to  ensure  that  the  layout 
rules  have  been  obeyed  and  that  the  layout  reflects  the 
schematic  (layout  vs.  Schematic  or  LVS  checks).  This, 
iterative,  stage  ends  with  some  final  checks  and  the  last 
step  is  a  translation  of  the  layout  data  into  a  standard 
formal  for  mask  making  It  is  important  to  note  that 
different  design  facilities  may  use  different  equipment 
and  software  and  the  same  facility  may  use  different 
tools  for  different  processes  or  design  types.  The  detail 
of  their  design  procedures  may  also  change  but  this 
general  design  model  covers  most  situations. 

Having  thus  abstracted  the  design  task,  we  must 
identify  the  weaknesses  therein.  Investigation  revealed 
that  the  common  problems  in  the  design  process  arise 
from  the  following: 


Specification  |-M  Design  m  Maikmakmg 


Processing  [  «Assembly|-*J  Test 


Figure  i.  The  Extended  ASIC  Design  Activity 


2.1  TbcPtsignPratg 

The  design  activity  itself  can  be  abstracted  down  to  the 
iterative  process  shown  in  figure  2.  This  model  is 
typical  of  many  design  situations  independent  of  the 
circuit  type  and  the  technology  used  and  it  is  here  that 
control  must  be  applied  in  order  to  improve  design 
performance 


Flpvw  2.  Tkt  DtuiUJASlC  Dvxtg*  AoMty 

The  specification  is  usually  presented  by  the  customer 
and  i«  translated  into  a  circuit  design  (ie.  a  w*— uh«» 
level)  by  the  designer.  This  will  then  be  ft-itas-t. 
using  a  variety  of  software  design  tools,  and  compared 
with  the  performance  requirements.  When  •*•***»* 
the  designer  will  proceed  to  convert  the  circuit  into  s 
chip  layout.  He  will  do  this  tor  a  specific 
manufacturing  procesa  which  will  have  been  carefally 
choaea  and  he  will  use  electrical  and  topological 


1.  Poor  specification 

2.  Misinterpretation  of  the  specification 

3.  Misuse  of  design  tools 

4.  Use  of  inappropriate  tools 

5.  Poor  control  of  the  design  activity  (i.e.  tasks  and 
checks  not  carried  out) 

6.  The  use  of  an  inappropriate  technology. 

To  address  the  above,  three  basic  principles  can  be 
employed. 

Firstly,  greater  customer  involvement  in  the  process. 
This  can  be  addressed  by  establishing  a  series  of  formal 
design  reviews,  initially  to  ensure  that  the  specification 
is  understood  by  the  designer  (and  by  the  customer)  and 
later,  to  ensure  that  the  design  is  converging  to  the 
specification  Formal  design  reviews  put  a  certain 
amount  of  responsibility  upon  the  customer  and  this  is 
Often,  the  customer  will  not  understand  the 
full  significance  of  various  details  of  his  specification 
until  well  into  the  design  process.  Two  way 
communication  is  required;  guidance  given  to  the 
customer  by  the  design  facility  and  clarification  of  the 
requirements  by  the  customer.  Commonly,  a  customer 
will  be  well  versed  in  board-level  design  and  works  in 
the  situation  where  design  modifications  can  be  carried 
out  oa  the  prototype  at  a  late  stage.  The  point  at  which 
commitment  is  required  is  blurred  and  the  specification 
often  reflects  this.  With  ASIC  design,  the  option  of 
physical  modification  is  not  pntsihfe  and,  once  the 
device  has  been  produced,  a  redesign  is  a  very  costly 
option.  It  is  of  prime  importance  to  ensure  that  the 
design  meets  fire  specification  and  the  specification 
meets  the  customer  requirements.  In  both  cases, 
ultimate  responsibility  must  rest  with  the  design  Quality 
being  the  expert  in  the  field. 

Secondly,  making  sure  the  designer  ha*  the  correct 
deeiga  tools  and  information  for  the  job.  The  design 
tools  indude  the  software  (for  rimulation.  layout  and 
checking  file  design)  and  the  hardware  platforms  upon 
which  it  rant.  Software  control  methods  are  rsamrial 
to  ensure  the  provision  and  maintenance  of  appropriate 
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tools.  The  other  information  required  will  include 
process  desqa  rale*  which  ate  ueed  in  putting  together 
the  actual  layout  and  mathematical  device  models  and 
process  characteristics  used  far  simulation  Both  of 
these  ate  process  dependent  and  the  infatuation  will  be 
from  die  appropriate  processing  bouse. 
Again,  it  is  up  to  the  design  facility  to  ensure  that  this 
information  is  correct,  current  and  suffkacnt  for  the  job 
in  hand.  Methods  of  software  and  information 
management  mast  he  applied. 

Thirdly,  one  mat  ensure  that  the  designer  does  his  job 
properly.  This  introduces  the  questions  of  staff 
selection,  qualification  end  training  But,  given  en 
level  of  competence,  measures  must  be  taken 
to  ensure  that  the  designer  tikes  the  correct  steps, 
makes  the  appropriate  decisions  and  addresses  all  the 
issues  at  each  stage  of  the  design.  One  way  to  achieve 
this  is  to  establish  control  gates  in  the  design  flow, 
these  can  take  the  form  of  check  points  after  each 
functional  activity  and  can  take  the  form  of  formalised 
design  reviews,  internal  checks  or  triggers  for 
information  update. 

Additionally,  tome  basic  quality  management  practices 
such  as  documentation  and  drawing  control  and 
internal  auditing  are  essential  to  the  control  of  the  basic 
design  process. 

It  can  be  seen,  therefore,  that  two  basic  types  of  control 
are  necessary,  the  project  specific  controls  which  must 
be  addressed  at  the  appropriate  points  in  the  design, 
and  the  ou-going,  support  activities  The  former  will 
be  specific  to  each  design,  technology  and  customer  and 
the  latter  are  more  general,  company  practices 

2.2  TtefawaMPcagaAttiYity 

Some  design  groups  within  larger  groups,  and  most 
independent  design  houses,  will  cany  out  the  extended 
activities  of  a  Class  B  facility  as  defined  above  and 
illustrated  in  Figure  1.  Thus,  they  will  cany  out  the 
design  (and  perhaps  test)  in-house  and  subcontract  the 
other  stepe  to  one  or  more  vendors.  They  will  adopt  a 
project  management  role  for  the  device  procurement 
and  act  as  the  interface  to  the  customer. 

The  design  stage  will  generally  foil  in  line  with  that 
discussed  above  and  control  can  be  established  in  a 
similar  fashion.  Control  of  the  other  activities  leads  to 
additional  requirements  mainly  associstcd  with 
subcontractor  control  On  top  of  this,  some  of  the 
procedures  already  mentioned,  for  example  document 
control  end  auditing,  must  be  extended  The  Class  B 
activity  will  also  involve  the  receipt,  handling  storage 
and  despatch  of  material.  Although  most  of  there  can 
be  addresaed  by  the  adoption  of  standard  industry 
practices,  it  must  be  recognised  that  effective  control  of 
the  extruded  activity  will  require  a  higher  level  of 
managrmmt  cncunitmmt  and  resource  as  the  facility  is 
now  responsible,  to  the  customer,  for  the  performance 
of  the  entire  supply  chain  and  most  be  both  prepared 


and  armed  to  deal  with  issues  sucb  as  customer  returns 
and  corrective  actions. 

These,  then  are  the  issue*  which  must  be  addressed  in 
order  to  establish  control  over  the  ASIC  design  task. 
To  be  acceptable,  the  standard  must  have  some 
additional  characteristics. 

2.3  FynhffRwmtmatt 

If  the  standard  is  to  be  first  accepted  and  then  adopted 
by  industry  (both  customers  and  suppliers),  the 
following  criteria  should  be  met 

1.  It  should  be  workable.  The  standard  must  be  readily 
achievable  by  a  design  facility.  Whilst  being  effective, 
it  should  not  prove  overly  onerous,  neither  should  it  be 
expensive  for  a  small  company  to  implement.  It  should 
also  be  acceptable  to  the  design  staff.  A  lot  of  effort 
was  expended  to  ensure  that  the  requirements  made 
sense  to  the  designers. 

2.  It  must  be  flexible.  The  standard  should  be 
applicable  and  effective  in  a  wide  variety  of  business 
scenarios.  In  this  case  it  must  be  adaptable  to  the 
different  organisational  structures  which  have  evolved 
to  tackle  ASIC  design,  be  they  large  or  small, 
independent  or  not.  Some  facilities  may  have  QA 
systems  already  in  place,  some  may  be  approved  to 
other  standards  (e.g  ISO  9000)  and  others  will  be 
subject  to  the  QA  systems  of  a  parent  organisation. 
The  standard  should  readily  integrate  into  these 
environments. 

3.  It  should  address  the  needs  of  the  industry,  supplier 
and  customer  alike.  This  boils  down  to  the  question, 
'what  will  the  customer  gain  from  placing  his  order 
with  an  approved  supplier  and  what  will  the  supplier 
gain  from  approval 7 

4.  It  must  be  amenable  to  third  party  assessment.  Fora 
specialised  activity  such  as  ASIC  design,  a  high  degree 
of  expertise  would  be  required  to  assess  the  operation  of 
a  company  with  no  formal  quality  system.  Approval  to 
a  standard  should  be  carried  out  in  a  manner  which  will 
facilitate  the  job  of  an  external  assessor  without 
detailed  technical  knowledge  of  ASIC  design. 

5.  Rapid  approval  and  maintenance  In  the  ASIC 
industry  the  technologies  employed,  including  those  of 

the  tods,  chitige  ran  rim  tally  aod  SWlftly.  If  8 

standard  is  to  be  practical,  it  is  essential  that  a  route  is 
available  to  quickly  extend  or  change  the  scope  of  the 
approval  without  major  upset  to  the  company 
concerned. 

X  MEETING  THE  STANDARD 

The  requirements  of  BS9000  Put  4  were  written  to 
fulfil  the  above  criteria.  In  January  1992,  Waimslcy 
Microsystems  Ltd.  became  the  first  IC  design  house  to 
be  approved  under  the  scheme  (Ret  4).  The  company 
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is  s  small,  i~tg«wigni  design  bouse.  It  operates  as  a 
Class  B  design  facility,  carrying  out  the  design  tasks 
in-house  and,  as  the  prime  contractor,  subcontracts  the 
m»dc  making  and  processing  etc.  A  range  of  different 
technologies  are  used  and  digital  and  analogue  devices 
of  varying  complexity  are  produced.  As  a  case  study 
for  the  merits  and  viability  of  a  new  standard,  the 
company  therefore  provides  one  of  the  more  complex 
and  testing  scenarios 

Prior  to  its  BS9000  approval,  WML  was  not  approved 
to  any  other  quality  standard  although  it  had 
established  basic  QA  procedures  such  as  drawing  and 
document  control  systems.  It  took  the  company 
approximately  one  year  to  prepare  for  approval, 
putting  in  place  the  necessary  procedures  and 
documentation.  As  expected,  design  control  became 
the  focus  of  these  efforts,  most  of  the  other 
requirements  being  met  by  adopting  standard,  industry 
procedures.  The  design  staff  were  heavily  involved  in 
this  development  and  the  design  control  was  eventually 
refined  to  a  series  of  checks  and  reviews  which  can  be 
reduced  to  just  two,  one  page  control  sheets  and  were 
later  embedded  directly  into  the  design  software 

WML  has  been  operating  the  system  for  over  two  years 
and  it  has  seen  benefits  in  the  smooth  running  of  their 
operation  and  in  customer  perception  of  their  service. 

4.  PROCESS  APPROVAL  AND  TECHNOLOGY 
APPROVAL 

Whilst  BS9000  Part  4  was  aimed  at  the  ASIC  design 
function,  the  arguments  put  forward  in  section  1  for  a 
new  type  of  standard  (increasing  complexity  and 
customisation  with  foster  turnaround),  also  apply  to  the 
other  steps  in  ASIC  procurement. 

The  structure  of  the  current  ASIC  industry  is  modular 
in  form,  a  different  organisation  carrying  out  each  step 
of  the  process.  In  order  to  provide  an  approved 
component,  these  other  processes  must  also  be 
approved.  On  top  of  this,  as  the  complexity  of  devices 
increased,  the  cost  and  time  involved  in  qualifying  and 
maintaining  approvals  to  the  existing  CECC  rales  for 
either  qualification  or  capability  approval  was  proving 
onerous.  A  new  form  of  approval  was  clearly  required. 
The  schemes  of  Process  approval  and  Technology 
Approval  have  been  developed  to  meet  this  need. 

4-1  Process  Approval 

Process  Approval  addresses  the  above  by  careful 
structuring  of  the  quality  system  and  organisational 
requirements.  For  each  individual  process,  a  Process 
Assessment  Schedule  (PAS)  has  been  written  Acting 
the  requirements  fix  that  activity.  To  gain  approval,  a 
company  is  required  to  prepare  a  Process  Manual  to 
show  how  their  Quality  System  meets  the  requirements. 
This  document  acts  as  a  route  map  through  their  system 
with  reference  to  the  requirements  and  win  be  a  guide 
for  external  auditing.  Process  control  is  implemented 
by  identifying  the  Quality  Factors  which  have  a  major 


impact  on  the  quality  of  the  process  and  to  identity  the 
associated  Critical  Parameters  to  provide  a  measurable 
indication,  where  possible. 

Process  Approval  is  now  well  established  and  Process 
Assessment  Schedules  have  been  written  for  many 
activities  including  ASIC  design.  Mask  Manufacture, 
Ceramic  Packaging  and  Hybrid  manufacture.  Outside 
the  ASIC  industry,  PASs  have  been  prepared  for 
Ceramic  Capacitors  and  Printed  Circuit  Board  design, 
amongst  others.  So  for,  some  thirteen  PASs  have  been 
written,  allowing  many  activities  to  be  approved  under 
the  scheme.  If  its  activities  are  not  already  covered, 
any  company,  trade  body  or  other  relevant  organisation 
can  produce  requirements  in  the  form  of  a  Process 
Assessment  Schedule  and  submit  it  to  the  CECC  fix 
inclusion  in  the  scheme. 

4.2  Technology  Approval 

As  the  work  described  in  the  previous  sections  was 
underway,  an  extensive  programme  was  set  up  to 
investigate  the  actions  component  manufacturers 
carried  out  to  satisfy  themselves  that  the  components 
manufactured  were  suitable  for  sale  and  also  the 
expectations  of  the  users . 

The  overwhelming  response  was  that  Statistical  Process 
Control  (SPC)  was  being  used  in  all  areas  of 
manufacture,  with  all  the  necessary  requirements  of 
feedback  and  improvement  being  implemented.  Also, 
the  philosophy  of  Total  Quality  Management  (TQM) 
was  being  rtiin»«wt  and  encouraged.  Although  there 
was  considerable  interest  in  these  matters  in  most 
firms,  there  were  no  national  or  international  standards 
invoking  such  tools  that  could  form  the  basis  of  a  third 
party  audit  or  approval. 

It  was  therefore  agreed  that  the  cost  effective  way 
forward  for  a  new  approval  should  include  the  SPC  and 
TQM  philosophies. 

This  led  to  the  development  of  Technology  Approval.. 
TA  retains  the  structure  and  modular  format  of  Process 
Approval  but  broadens  the  scope  to  include  the  use  of 
SPC  and  TQM. 

The  requirements  for  Technology  Approval  are  written 
in  a  Technology  Approval  Schedule  (TAS),  as  opposed 
to  a  Process  Approval  Schedule,  and  the  guide-lines  for 
this  are  written  in  CECC  Rules  of  Procedure  RP14  Part 
VI.  There  are  five  mandatoty  requirements: 

1.  The  use  of  process  control  methods  (defined  in  the 
TAS)  and  tools  to  demonstrate  the  control  of  processes 
andprothKL 

1. e.  the  component  manufacturer  must  be  successfully 
using  SPC  in  all  relevant  areas  of  manufacture  and  test. 

2.  Coutinnous  quality  improvement  and  its 

(jfnifynqnrtjQn 
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Le.  Using  SPC,  for  example,  the  company  can 
A»«wn«ftnn^  that  it  has  a  continuous  improvement 
programme. 

3.  Monitoring  the  overall  technologies  and  operation 
•ftBrtpiatorf  with  thg  design  mimiifarturinff  processes 
as  well  as  the  components  themselves. 

Le.  End  of  line  testing  is  only  part  of  confirming  the 
acceptability  of  the  component  Satisfactory  control  of 
the  design,  manufacture  and  in-process  testing  should, 
almost  by  guarantee  that  the  component  will 

meet  its  final  tests. 

4.  Process  flexibility  based  on  a  company's  own  quality 
assurance  manag*m«ii  system  and  component  sector 
requirements. 

Le.  Each  manufacturer  may  have  different  ways  to 
produce  bis  rampnnmi  t  and  test  them.  Therefore,  each 
manufacturer  defines  the  actions  he  takes  to  satisfy 
himself  that  his  component  is  acceptable,  and  meets  his 
customer's  requirements. 

3.  Rapid  approval  or  extension  of  approval  by  use  of  a 
Technology  Approval  Declaration  Document  (TADD). 

Le.  As  part  of  the  TADD,  the  component 
manufacturer  has  to  describe  fully  his  processes. 
Therefore,  if  he  wishes  to  extend  his  approval  for  a 
process,  the  process  extension  must  be  fully 
documented.  The  manufacturer  then  has  to 
demonstrate  that  he  can  meet  the  requirements  of  the 
extension  and  that  the  process  j$  fully  under  control. 
When  this  has  been  done,  to  the  satisfaction  of  the 
approval  authority,  the  extension  is  approved. 

The  TADD  can  be  considered  the  equivalent  of  a 
Process  Assessment  Schedule  in  Process  approval. 

4.3  The  Twtuwtogy  Awrevgl  Pwlaratian  Rowmea 

The  TADD  is  similar  to  a  Capability  Manual  but 
extends  to  cover  both  the  technical  and  managerial 
aspects  of  the  operation.  The  following  headings 
(taken  from  RP14  Part  VI)  give  an  indication  of  the 
required  contents  of  this  document; 

1.  Manage  commitment  to  Quality 

2.  Quality  Improvement  Programme 

3.  Definition  of  the  relevant  Sites  and  Operations 

4.  Interface  with  Subcontractors 
3.  Internal  Audit  Plan 

6.  Test  Vehicles 

7.  Description  cf  Technology 
(This  is  discussed  in  section  4.4.) 

8.  Management  of  non-conforming  Product  or 
Activity 

9.  New  Product  Introduction  Programme 


characterisation  if  it  is  to  be  manufactured  under  the 
scope  of  the  TAS. 

4.4  Description  of  Technology 

The  requirements  of  the  Description  of  Technology  are 
the  most  searching,  because  each  manufacturer 
approaches  the  manufacture  and  quality  of  his 
components,  within  a  component  technology,  from 
different  directions.  The  Rules  of  Procedure  provide 
guide-lines  (in  the  form  of  TASs)  on  how  to  achieve 
this,  for  various  technologies.  Some  of  these  are  shown 
in  figure  3(b). 


CEOC21000f  CECC  210  002  CECC21O0O9  CECC21DUM 
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m 

Ftgun  3.  CECC  Document  Structure 

4.5  CECC  Implementation  of  Process  and  Technology 
Approvals 

Both  Process  and  Technology  Approval  are 
incorporated  into  the  CECC  system  under  Rules  of 
Procedure  RP14.  The  family  tree  of  this  system  is 
shown  in  figure  3(a).  RP14  Pan  V  deals  with  Process 
Approval  whilst  Technology  Approval  is  addressed  in 
RP14Part  Vi 

It  will  be  recognised  that  many  of  the  general  quality 
requirements  for  the  BS9000  Design  House  approval 
are  covered  by  the  ISO  9000  standard.  This  is  also 
true  of  the  other  schemes  and  RP14  incorporates  the 
ISO  9000  requirements  in  RP14  Pan  I.  A 
manufacturer  must  be  approved  to  this  before  be  can 
gain  Technology  Approval.  Once  be  has  done  this,  he 
must  then  write  a  Process  Assessment  Schedule,  in 
order  to  acquire  Process  Approval,  or  a  Technology 
Approval  Declaration  Document  for  Technology 
ApprovaL 


The  manufacturer  must  document  both  his  new  product 
introduction  programme  and  procedures  for  its 
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4.6  Profits  tp  tK  Piflp™" 

What  confidence  does  the  user  of  the  component  gain 
when  purchasing  a  component  from  a  manufacturer 


I 


j 


with  Technology  Approval?  Some  of  the  advantage* 
are: 

1.  A  knowledge  that,  at  a  minimum,  the  supplier  has 
approval  to  RP14  Fait  I  which  encompasses  the 
requirements  of  ISO  9000 

2.  A  low  future  rate  through  the  correct  application  of 
Process  Control. 

3.  New  qualified  product  can  be  reteased  as  quickly  as 
commercial  product  In  fact,  all  components  produced 
under  TA  are  automatically  qualified. 

4.  The  manufacturer  will  have  a  Quality  Improvement 
Programme  in  Place 

5.  Independent  auditing  by  a  third  party 

6.  CECC  Detail  Specs  for  all  ’standard’  components. 
Customer  Detail  Specs  for  customer  specific 
components  (containing  all  the  customer  requirements), 
or  registered  data  sheets.  All  components 
manufactured  within  a  company's  Technology 
Approval  Boundary  may  have  CECC  release.  •  Note 
the  significance  of  this  last  point 

4.7  The  Q ami  Aalialalftmt  ledinabc 
Acprml 

Although  Technology  Approval  has  been  driven  by  the 
IC  and  ASIC  users  and  producers,  other  component 
areas  have  realised  the  cost  ssving  and  quality 
improvements  to  be  gained  through  the  application  of 
TA.  Component  sectors  developing  TA  or 
investigating  its  application  are: 

•  Ceramic  Capacitors 

♦  Discrete  Devices 

♦  Piezoelectric  Devices 

•  Servo*  and  Synchro* 

*  Opto-couplen 

5.  CONCLUSIONS  AND  FURTHER  WORK 

RP  14  Part  VI  and  CECC  210  000  have  been  pt*ii«h«t 
by  the  CECC  in  1994.  A  number  of  companies  are,  at 
their  own  risk,  already  inuring  at  Technology  Approval 
and  have  started  to  apply  it  before  the  TAS 
documentation  have  been  finally  published.  The 
benefits  of  this  type  of  approval  have  already  been 
shown,  to  a  certain  extern,  by  the  application  of  the 


principles  within  the  BS9O0O  ASIC  Design  House 
Approval  and  these  have  been  diseased  in  action  3. 
The  Design  House  in  question  has  applied  for  Process 
Approval  and  intends  to  undergo  Technology  Approval 
as  soon  as  possible  This  indicates  the  attraction  of  the 
system  to  the  SMEs  which  make  up  much  of  today's 
industry.  Indeed  the  scheme,  with  its  modular 
structure,  provides  a  structure  within  which  small 
businesses  can  supply  approved  product  in  a  way  not 
previously  possible. 

The  use  of  such  an  approval  has  ramifications  in 
related  areas  such  as  the  recognised  problems  of  future 
supply  of  devices,  but  these  are  outside  the  scope  of  this 
paper. 

The  Ministries  of  Defence  for  Germany,  France,  Italy 
and  the  UK  are  currently  financing  an  experiment 
where  ASIC  designers,  manufacturers  and  users  are 
investigating  the  application  of  TA  by  means  of 
actually  producing  components  under  the  scheme  and 
comparing  this  with  other  forms  of  release.  All  the 
companies  involved  in  the  experiment  should  gain 
Technology  Approval,  with  obvious  advantages  to  other 
ASIC  users  and  suppliers. 

It  is  expected  that  the  inherent  flexibility  of  Technology 
Approval  will  lead  to  its  widespread  use  in  the 
European  Component  Industry.,  particularly  amongst 
SMEs. 
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Generally  when  an  engineer  decide*  to  aet  up  an 


1.1.1  ABSTRACT 

An  application  of  the  'Hughe*  Teat  Strength 
Model'  i*  described  in  assessing  effect  of  environ¬ 
mental  stress  testing  for  Early  Life  evaluation  of 
video  display  unit*.  Comparison  of  different  teat 
methods  plus  results  used  to  validate  Hughes 
model. 

1.1.2  BACKGROUND 

Over  the  last  two  yean  Greenock  Reliability  Engi¬ 
neers  have  worked  closely  with  suppliers  to  help 
them  introduce  well  defined  Quality  /  Reliability 
test  strategies.  The  objective  has  been  to  minimise 
IBM  test  costs  and  place  the  test  responsibility 
where  it  belongs,  at  the  feet  of  the  vendor. 


Early  Life  reliability  test  strategy,  the  first  stress 
types  to  be  considered  are  random  vibration  and 
thermal  cycling  as  they  enable  short  duration 
testing  of  large  sample  sizes.  This  can  yield  a  great 
deal  of  information  on  the  Early  Life  reliability  of 
the  product  to  be  tested.  This  enables  the  engineer 
to  plan  reliability  growth  testing  within  a  defined 
period  and  be  in  a  position  to  predict  the  expected 
Early  Life  performance  of  a  product  prior  to 
volume  shipment 

This  then  begs  the  question  of  how  long  the  testing 
should  last  and  to  what  effect  it  will  have,  i.e  -  the 
percentage  of  latent'  early  life  defects  that  can  be 
precipitated  by  the  combination  of  various  types  of 
stress.  As  early  life  defects  ate  predominantly 
caused  by  process  weaknesses  rather  than  being 
intrinsic  to  the  design,  short,  sharp  testing  is  found 
to  be  most  effective. 


Not  only  does  this  make  the  vendor  mote  account¬ 
able  for  Quality  problems,  it  provides  the  right  type 
of  motivation  to  the  vendor  who  is  more  in  control 
of  Quality  output  than  ever  before. 

Prior  to  implementing  this  strategy  IBM  carried  the 
burden  of  teat  cost*  and  also  bad  to  co-ordinate 
sub-system  changes  to  improve  Quality  /  Reliability 
levels,  using  up  a  great  deal  of  'expensive'  man  fan 
in  doing  so.  This  has  now  changed  greatly  with  the 
empharis  placed  oo  the  vendor  and  the  Greenock 
engineers  doing  more  of  a  'policeman'  type  role, 
receiving  test  information  from  the  vendor  rather 
than  creating  it. 

The  remainder  of  the  paper  describee  in  detail  a 
case  study  of  the  successful  implementation  of  reli¬ 
ability  testing  on  a  recent  level  Personal  System 
video  display  and  how  the  test  data  along  with  that 
from  controlled  testing  at  IBM  sites  has  enabled  a 
very  worthwhile  study  of  the  Hughes  test  strength 
model 


When  testing  was  first  set  up  at  the  video  display 
vendor  their  test  capability  restricted  the  test 
strength  of  their  early  life  test.  To  get  over  this 
problem  testing  was  also  performed  at  the  two 
main  IBM  test  sites  in  Scotland  and  North 
Carolina,  US. A  where  the  equipment  is  far  more 
advanced  and  enables  achievement  of  far  higher 
stress  levels. 

This  provided  an  excellent  opportunity  to  perform 
testing  at  different  stress  levels  on  similar  vintage 
products  which  could  now  be  used  to  evaluate  the 
use  of  the  Hughes  test  strength  model  by  com¬ 
paring  the  types  of  defect  found  and  the  effect  that 
would  have  on  field  reliability. 

The  data  used  in  this  paper  cieariy  demonstrates 
the  Hughes  model  is  of  great  use  in  evaluating  early 
fife  stress  test  methods,  showing  vendor  test  effec¬ 
tiveness  of  46%  versus  89%  for  that  of  the  more 
advanced  IBM  testing.  These  figures  ate  proven  to 
be  en  excellent  measure  of  the  early  life  test  success 
when  compared  to  the  defect  types  found  in  the 
field  versus  those  found  during  in-house  testing 
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The  old  uiethodj  of  testing  often  involved  long 
duration  elevated  temperature  testing,  but  as  this 
was  fairly  ineffective  in  highlighting  process  weak¬ 
nesses  it  was  restricting  the  continual  improvement 
in  product  Quality  and  Reliability.  As  a  result,  the 
Greenock  Reliability  Lab  was  built  during  1984  at 
a  cost  of  l.S  million  U  S  Dollars  to  handle  high 
volume,  high  stress,  early  life  testing  with  the 
emphasis  on  detecting  latent,  early  life  process  type 
defects. 

As  this  type  of  testing  does  not  lend  itself  to  Accel¬ 
eration  Factor  calculations  such  as  the  Arrhenius 
model,  applied  to  steady  temperature  testing,  the 
simulation  time  of  the  testing  cannot  be  easily  eval¬ 
uated. 

The  alternative  is  to  use  the  Hughes  equation 
which  will  provide  a  level  of  test  effectiveness,  inde¬ 
pendent  of  simulation  time.  By  doing  this  the 
emphasis  changes  from  retting  up  a  test  to  measure 
rchabslity  with  respect  to  lime  to  that  of  capturing 
as  many  of  the  early  life  process  defects  in  as  short 
a  time  as  possible,  most  effectively  described  by  the 
Hughes  equation. 

Once  sufficient  confidence  in  this  practice  is 
Achieved  it  bccooes  i  tuk  to  plan  future 

tests  and  using  actual  test  /  field  data,  die  optimum 
early  life  teat  profiles  can  be  established. 

Test  profiles  win  contain  length  of  random 
vibration  time,  number  of  thermal  cycles  plus  tem¬ 
perature  bmria,  number  of  power  cycles,  etc.  The 
paper  describes  m  detail  the  vendor  and  IBM  test 
profiles  with  the  exact  calculation  of  test  strength. 
Fwae  3  illustrates  the  thermal  stress  profiles  used 
both  m  IBM  and  also  by  the  vendor. 


1.1  A  THE  HUGHES  EQUATION 

The  Hughes  Equation  (Ref  I.)  provides  informa¬ 
tion  on  the  possible  effectiveness  of  some  coco- 
manly  uaed  suets  test  met  hods  This  work  was 
carried  out  under  contract  for  the  Rome  Air  Devel¬ 
opment  Centre  (RADC)  and  referenced  in  an 
RADC  Technical  Report,  rimed  in  1911. 

Any  Reliability  test  should  include  Vibration, 
Thermal  Cycling,  Constant  temperature  testing  end 
ebo  power  on  periods  along  with  power  cycling  to 


optimise  the  probability  of  detecting  latent  process 
type  defects. 

Using  t-st  strength  equations  in  Fig  1.  and  Fig  2. 
the  optimum  test  can  be  deigned  to  achieve  any 
set  level  of  test  strength.  Obviously,  the  higher  the 
test  strength  required,  the  longer  will  be  the  test 
profile  required.  As  in  most  development  and  man¬ 
ufacturing  processes  time  is  limited  therefore  it 
makes  sense  to  set  a  target  test  strength  level  and 
plan  appropriate  testing  well  in  advance.  Using  the 
Hughes  equations  allows  the  reliability  engineer  to 
do  this  with  minimal  time  spent  on  literature  search 
for  the  most  effective  test  methods  that  will  reduce 
test  times,  often  a  task  that  takes  longer  than  actual 
testing !! 

Table  1.  details  the  stress  test  parameters  of  the 
IBM  and  vendor  tests  respectively. 


Tabic  1.  Stress  Test  Parameters 

Parameter 

Vendor 

IBM 

Thermal  Cycling  Ramp 

Rale  (Deg  C  per  minute) 

1.5 

5.0 

Number  of  Thermal 

Cycles 

14 

48 

T/C  Temperature  Range 

No.  of 

No. 

•  (-20  to  +  50) 

•  6 

•  (-10  to  +40) 

•  (-  5  to  +  60) 

•  8 

•  48 

Elevated  Temp  test  dura¬ 
tion  (Performed  at  40  deg 

Q 

60  hn 

12  hn 

Continuous  Power  on 
duration 

60  hn 

12  hn 

No.  Power  twitches 

30 

80 

Power  on  time  between 
switches  (hn) 

2 

.03 

20  minute  Random 

Vibration  Profile  (fre¬ 
quency  range) 

1  <3 

nni 

6  G 
nns 

Random  Vibration  Test 
Strength 

0.4 

0.7 

Figure  1  -  Test  Strength  equations  for  Thermal 

Cycling  and  Constant  Temperature  Figure  3  -  Thermal  Cycling  test  profiles 


Thermal  Cycling  ; 


I  -5  I 

8.8  |l-exp(-NxdT/dtxn.835xl8xexp.8122(T+273))| 

I  I 


N  -  Number  of  thermal  cycles 
dT/dt  -  Rate  of  temperature  change  (deg  C  per  minute) 
T  •  Absolute  temperature  (deg  C) 

-  ((high  tefflp-25|  +  |low  temp  -  25|)  /  2 


IBM 


Constant  Temperature  ; 


I  -5  I 

8.6  j l-exp(-tx2.63xl8xexp.8122(T+273)) | 

I  I 

T  «  Constant  Temperature  (deg  C) 
t  *  Time  in  test 


Figure  2  -  Test  Strength  equations  for  Continuous 
Power  on  and  Power  Switching 


Vendor 


Continuous  Power  j 
t  /  (t  ♦  c)  c  -  968 


Power  Switching  j 


N 

He/  («  ♦  t)) 

N  -  Number  of  power  on  switches 
t  -  Power  on  time  between  switches 
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1.1.4  RANDOM  VIBRATION 
PROFILES 


1.1.5  CALCULATING  OVERALL  TEST 
STRENGTH 


Tables  2  and  3  detail  the  differing  profiles  for  the 
IBM  and  the  Vendor  vibration  tests.  Both  tests 
were  non-operational  with  the  vendor  test  con¬ 
strained  by  the  capability  of  their  random  vibration 
table  and  controller,  hence  the  frequency  range  is 
only  up  to  200  Hz  rather  than  2000  Hz  for  the 
IBM  test. 


[  Table  2.  Vendor  Random  Vibration  Test  Levels 

Frequency  (Hz) 

G2/Hz  (PSD  Level) 

2.0 

0.0010 

4.0 

0.0300 

8.0 

0.0300 

40.0 

0.0300 

55.0 

0.0100 

70.0 

0.0100 

200 

0.0010 

|  Table  3.  IBM  Random  Vibration  Test  Levels 

Frequency  (Hz) 

G2/Hz  (PSD  Level) 

12.0 

0.0030 

42.0 

0.0030 

54.0 

0.0100 

72.0 

0.0100 

198.0 

0.0010 

204.0 

0.0200 

1998 

0.0200 

The  input  energy  level  for  the  vendor  test  is  1 
Grms  and  for  the  IBM  test  is  6  G  rms.  Using  this 
measure  and  the  charts  in  Ref  2.  the  test  strength 
is  obtained  and  input  in  Table  1  and  Table  4. 

Using  the  test  parameters  in  Table  1.  and  applying 
the  Hughes  Test  Strength  equations  in  Fig  1.  it  is  a 
simple  task  to  calculate  the  test  strength  of  the 
applied  Early  Life  Reliability  test  profile. 

It  should  be  noted  that  Test  Strength  for  Random 
Vibration  is  not  derived  from  any  Hughes  Equation 
but  is  taken  directly  from  an  RADC  report  (Ref 
2.).  The  fixed  Test  strength  values  for  the  random 
vibration  stress  is  also  listed  in  Table  1. 


Using  Table  1.  plus  Figures  1.  and  2.  the  Test 
Strengths  in  Table  4.  are  calculated  for  each  indi¬ 
vidual  stress  type. 


Table  4.  Test  Strength  Values 

Parameter 

Vendor 

IBM 

Thermal 

Cycling 

Value 

Value 

*  (-20  to 
+  50) 

•  0.048 

•  (-10  to 
+  40) 

•  0.056 

•  (-  5  to 
+  60) 

•  0.64 

Elevated 

Temp  test 

0.042 

0.009 

Continuous 
Power  On 

0.063 

0.013 

Power 

Switching 

wm 

0.003 

Random 

Vibration 

0.40 

0.70 

As  Test  strength  represents  the  probability  of  pre¬ 
cipitating  a  latent  defect,  the  simplest  way  to  calcu¬ 
late  the  overall  test  strength  is  to  combine  the 
probabilities  of  not  finding  defects  with  each  stress 
type. 

Probability  of  not  finding  a  defect  with  any  of  the 
stresses  imposed 

-  (1-T.S  for  T 1C)  (1-T.S  for  Vib),  etc 

-  (l-0.048)(l-0.056) . (1-0.4) 

-  0.46 


Prob  of  finding  a  defect  is  therefore  ; 
-  1-0.46  -  0.54 


IBM  Test  Strength  -  0.89 
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1.1.6  ANALYSIS  OF  EARLY  LIFE 
TEST  RESULTS 

Test  data  was  collected  over  a  period  of  9  months 
and  field  data  was  used  from  the  first  12  months  of 
installations.  To  ensure  accuracy  in  the  findings  the 
vendor  monitor  repair  centre  analysed  all  U.K  field 
failures  and  sent  information  directly  back  to  IBM. 
They  also  analysed  the  failures  from  IBM 
Greenock  Reliability  testing  which  left  in  no  doubt 
the  conclusions  on  similarity  of  failure  types  found 
by  testing  and  those  experienced  by  the  customer 
during  normal  field  usage. 

Vendor  testing  was  also  performed  at  the  manufac¬ 
turing  source  with  different  stress  levels  in  compar¬ 
ison  to  the  Greenock  test.  All  defects  were  also 
analysed  to  root  cause  providing  a  database  of 
defects  to  be  compared  with  ones  experienced  in 
the  Greenock  test  and  those  which  were  found  in 
the  field. 

In  total,  some  44  confirmed  monitor  failures  were 
returned  from  customers  during  the  first  12  months 
of  field  usage.  Of  this  number,  29  were  considered 
to  be  of  an  'early  life'  nature  caused  by  inherent 
weakness  in  the  components  or  manufacturing 
processes.  Such  defects  occurred  within  the  first  60 
days  of  customer  use.  The  remainder  of  the  defects 
(IS  of)  were  either  Intrinsic  or  Dead  on  Arrival, 


1.1.7  CONCLUSIONS 

1.  Analysing  the  data  in  Table  5.  leads  one  to  the 
obvious  conclusion  that  the  IBM  Early  Life 
stress  test  methods  were  more  successful  in 
finding  the  same  type  of  defects  as  experienced 
in  the  field. 

•  During  IBM  tests,  7  of  the  9  defect  types 
were  found  which  would  equate  to  some 
26  of  the  29  defects,  or  90% 

•  During  Vendor  tests,  4  of  the  9  defect  types 
were  found  equating  to  IS  of  the  29  defects 
or  52% 

2.  Calculated  test  strength  for  vendor  test  com¬ 
pares  closely  to  the  test  strength  calculated 
from  Table  4. ,  54%  versus  52% 


and  not  used  in  the  analysis  of  the  early  life  reli¬ 
ability  defect  distribution. 

Table  5.  shows  a  simple  breakdown  of  failure  types 
experienced  during  both  IBM  and  also  the  monitor 
vendor  early  life  testing. 


Table  S.  Early  Life  Failure  Types  | 

Defect  Type  (no.  of) 

Seen 

Seen 

in 

Ui 

IBM 

Vendor 

test 

test 

IC601  failure  (6  of) 

y 

y 

F601  failure  (6  of) 

y 

y 

D600/D605  fails(S  of) 

y 

n 

Component  Solder  Land 

■  ■ 

■  ■ 

Cracks 

Hi 

1 

•  R315  (4  of) 

n 

D 

•  CN603  (2  of) 

■ 

•  C3I6  (2  of) 

la 

Hi 

•  C208  (1  of) 

HI 

1 

Pot  Movement  (2  of) 

n 

n 

Scan  Coil  failure  (I  of) 

n 

n 

3.  Calculated  test  strength  for  IBM  test  also  com¬ 
pares  closely  to  that  calculated  from  Table  2.  , 
89%  versus  90% 

4.  The  Hughes  model  is  by  no  means  perfect  but 
has  been  shown  to  be  extremely  useful  in 
measuring  the  effectiveness  of  an  early  life  reli¬ 
ability  test  proposal. 

5.  The  Hughes  model  makes  no  reference  to 
acceleration  factor,  which  for  early  life  defects  is 
very  appropriate  as  the  failures  would  not  be 
intrinsic  and  thereby  difficult  to  model. 

6.  Shipped  product  with  any  latent  early  life 
defects  can  be  considered  as  'walking  wounded' 
,  requiring  the  right  form  of  stress  test  to  'push' 
the  defect  mechanism  to  the  failure  point  when 
the  stresses  imposed  are  greater  than  the 
strength  of  the  latent  defect. 
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Abstract 

New  strategy  based  on  degradation  kinetics  is  presented  .  It  can  be  used  to  determine  and  control  reliability  in 
production  and  to  optimise  for  reliability  in  the  development 


1.  INTRODUCTION 

Reliability  testing  becomes  a  difficult  task  due  to  the 
ever  improving  quality  and  reliability  of  the  electrical 
components.  In  the  sixties,  FIT  rales  of  1000  FIT  were 
common.  Now  in  the  nineties  rates  readied  10  FIT.  In 
order  to  verity  a  failure  rate  of  10  FIT  for  a  component 
that  operates  at  55  ®C,  a  test  time  of  1000  hours  at 
125°C  on  a  batch  of  4000  samples  is  required 
(supposing  an  activation  energy  of  0.5  eV  and  a  60% 
upper  confidence  level.  The  handling  of  such  large  test 
samples  over  these  large  test  times  will  become  too 
difficult  in  the  fiitnre. 

In  this  article  a  method  based  on  degradation  kinetics 
is  presented  and  some  examples  are  given  to 
demonstrate  the  feasibility  of  this  method.  This  method 
is  capable  to  overcome  the  problems  mentioned  above 
and  can  offer  more  information  for  reliability  control, 
built-in  reliability  and  feed  back  to  design. 

In  the  following  paragraphs  this  method  will  be 
explained  for  thermal  activated  degradation 
mechanisms.  In  the  same  way  this  method  can  be 
applied  for  other  stressfactors  like  current  I,  voltage  V, 
humidity  r.h.  etc. 

Z  DEGRADATION  KINETICS  AND  LIFE  TIME 

To  predict  the  degradation  at  a  different  temperature 
than  the  measured  ones,  at  least  2  degradation 
behaviour  carves  have  to  be  recorded  (until  feature). 
Out  of  these  curves  the  effective  activation  energy  and 
the  acceleration  factor  for  a  failure  criterion  can  be 
derived. 

When  more  than  one  degradation  nvchaniun  is  active, 
the  effective  activation  energy  and  the  acceleration 
factor  changes  for  different  failure  criteria.  By 
changing  the  failure  criterion,  the  "end  of  life* 
changes  from  one  degradation  process  to  die  next. 
Therefore  the  effective  activation  energy  has  to  be 
determined  for  each  failure  criterion 


when  more  than  one  degradation  are 

active.  This  is  the  case  for  most  products. 

X  DEGRADATION  KINETICS  FOR 
QUALIFICATION 

By  qualification  of  a  product  it  has  to  be  guaranteed 
that  a  product  will  function  within  its  tolerances  (= 
failure  criterion)  for  a  certain  life  time  t^,  .  In 
paragraph  2,  the  acceleration  factor  was  determined  in 
according  to  the  defined  tolerances.  To  demonstrate 
that  the  life  time  iff  a  product  will  beat  least  t^at  a 
maximal  operating  temperature  T^,  the  product  has  to 
be  tested  during  a  qualification  time  t,  at  a  higher 
stress  level  T,.  The  qualification  time  can  be  derived 
according  the  following  equation 

',  =  '<*exp{g(i-£))  (i) 

To  perform  qualification  tests  with  fixed  test  times 
(according  to  Total  Quality  Management  TQM)  makes 
no  sense,  while  the  demanded  life  time  t*,  is  product 
dependent  and  die  acceleration  factor  failure  criterion 
dependent. 

4.  RELIABILITY  INDICATORS  FOR  LIFE  TIME 

For  a  sample  lot,  tested  at  temperature  T,  ,  the 
distribution  of  the  degradation  behaviour  curves  pT"(t) 
can  be  defined.  Assuming  gaussian  statistic,  the 
distribinion  at  die  end  of  die  qualification  test  can  be 
deserfoed  by  die  mean:  <pT’  (t,  y>  and  the  standard 
deviation  o’*  (t_).  From  these  parameters  reliability 
indicators  can  be  derived  (similar  to  the  prooess 
indicators  for  SPC  (Statistical  Process  Control)).  The 
ratio  of  the  mean  value  to  the  failure  criterion  Y  is  the 
measure  for  the  intrinsic  reliability  R,. 

c> 
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An  intrinsic  reliability  factor  lower  than  1  means  that 
the  product  has  a  shorter  life  time  than  expected.  R~1 
means  that  the  product  fulfils  just  the  required  life 
time.  Products  with  the  higher  R,  -indicator  have  the 
highest  life  time. 

Simitar  to  the  definition  of  the  process  capability  in 
SPC,  the  reliability  capability  factor  can  be  defined  as 
in  the  following  equation  (gaussian  statistics 


Kc  =  »*(«,> 


(3) 


A  reliability  capability  factor  larger  than  3  means  that 
the  products  can  be  considered  as  a  6  cr-process. 

Up  to  now  (cumulative  failure  method)  both  lots 
withstand  the  test  (no  failure  found)  and  no  difference 
can  be  made  between  these  lots  in  respect  to  reliability. 
With  these  reliability  indicators  the  reliability  of 
products  can  be  characterised  and  gives  the  possibility 
to  select  the  most  reliable  products.  These  reliability 
indicators  can  be  used  for  purchasing  and  for  reliability 
SPC,  but  also  as  advertising  fool. 


S.  DEGRADATION  KINETICS  AND 
RELIABILITY  CONTROL 


degradation  curve  by  the  intrinsic  reliability  indicator 

2)  The  screening  time  t,  can  be  defined  as  the  minimal 
time  neocssary  to  distinguish  is  within  the  distribution 
of  the  degradation  curves  or  not.  At  the  end  of  the 
screening  time  t, ,  the  difference  between  the  defect 
curve  and  the  upper  degradation  curve  p+jo(0  of  the 
distribution  has  to  be  larger  than  the  measuring 
resolution.  (Here  the  p+3a-kvd  is  talcen). 

t,  =  t  when  Resol  =  ^  -p+J „(/)  (5) 

The  screening  test  effort  can  be  reduced  by  improving 
the  product  reliability  and  by  accurate  measuring. 

To  ghe  an  example  for  the  validity  of  the  theory 
explained  in  the  previous  sections,  the  degradation 
behaviour  of  RNC  55  resistors  is  measured.  Fig.  1 
shows  the  degradation  curves  of  these  resistors.  The 
measuring  resolution  is  in  the  order  of  10  ppm. 


If  early  failures  or  unreliable  products  appear,  they 
have  to  be  selected  out  using  a  screening  procedure. 
The  test  times  for  the  screening  tests  can  be  derived 
from  of  the  distrfoution  of  the  degradation  curves  as 
follows  (fig  1): 

1)  A  theoretical  degradation  behaviour  curve  for  a 
product  which  reacts  the  failure  criterion  Y  at  the 
qualification  time  t,.  This  curve  Y’Vt)  can  be  named  as 
the  "defect  curve*.  All  products  with  a  degradation 
curve  above  the  'defect  curve’  are  failing.  The  "defect 
curve’  can  be  calculated  by  dividing  the  mean 


From  drift  measurements  at  different  temperatures,  an 
activation  energy  of  about 

1  eV  has  been  derived.  Supposing  an  application  with  a 
failure  criterion  of  Y-=500  ppm,  a  required  life  time  of 
4  years  and  a  maximal  operating  temperature  of  90  °C, 
the  qualification  time  t,  is  about  300.000  sec  (1) 

ti =  ~t*)} 

/,  =  300.000  sec  for  this  example 


pt< 


« 


D«f*ctcurv« 


RNC  SS  lOOkOhm  17S*C 


The  reliability  indicators  cm  be  derived  from  the  mean 
and  die  standard  deviation  of  the  drift  after  300.000 
sec. 

<pl1x( 300.000  sec)>  =  340 ppm 
a,7ic(300.000  sec)  =  40, 7ppm 

The  reliability  indicators  can  be  calculated  (2)  (3): 

D _ £  -  icoPfm  _  1  47 

K‘  ~  (p'^OOOOOO-c))  ~  mopf-  ’ 

„  (r-V~<300.000«c>)  (500.^0^  ,  ft, 

Kc  ~  <Tinc0OO.OOO»c)  -  4C.T*»» 

These  reliability  indicatoH  show  that  the  product  is 
intrinsic  reliable  fix  the  application  (life  time  -  4 
yean)  (R>1)  (resistors  with  this  life  time  can  be 
produced)  and  it  can  be  expected  that  all  resistors  of 
the  lot  will  have  the  required  life  time  while  the 
capability  factoris  larger  than  3  (R,“3,9).  The  resistor 
lot  can  be  considered  almost  as  a  4  o-lot 
To  control  the  production  (SPC  for  life  time)  and  to 
select  products  which  are  out  of  the  distribution  (early 
failures  and  freaks)  a  screening  time  has  to  be  derived. 
As  first  step  rtw  mean  degradation  behaviour  curve 

<P,75C(0)  has  to  be  calculated  Further  the  ’defect 
curve*  (4)  and  the  "+3o-curve*  have  to  be  calculated  by 
multiplying  the  mean-curve  with  the  intrinsic 
reliability  fector  R,  fix  the  ’defect-curve*  and  with 

(p'^OOooooMciyso'^ooojoooMc)  _  Mona  _ 

_  340 

fix  the  ”+3o-curve" 

The  minimum  test  time  to  detect  freaks  and  earty 
failure  is  the  time  necessary  (screening  time  t, )  dm  the 
defect  curve  drifts  more  than  the  measuring  resolution 


out  of  the  distribution.  M,  when  ’defect  curve" - 
’+3s-curve’  •  measurement  resolution  (5) 

For  the  in-situ  system  the  measuring  resolution  was 
esrimamd  in  the  order  of  lOppm.  Out  of  fig.  2  the 
screening  time  t,  can  be  derived  to  be  10.000  sec.  This 
means  that  with  the  technique  based  on  degradation 
kinetics  the  reliability  teste  times  can  be  reduced  (for 
this  application)  by  a  factor  of  30. 

Using  the  reliability  indicators  determined  at  screening 
time  t,  an  SPC-cystem  can  be  set  up  to  control  the 
reliability  of  the  products. 

Transferring  this  result  to  the  common  test  times 
(supposing  these  are  realistic  qualification  times  l  )  a 
2000-hour  test  can  be  reduced  to  a  3-days  test  This 
means  that  after  qualification  of  the  product  (where  the 
distribution  is  recorded  during  over  the  qualification 
time  t,  )  no  long  duration  test  have  to  be  performed  tor 
lot  acceptance  Tests  times  in  the  order  of  days  ate 
sufficicm  to  control  (SPC)  the  life  time  of  the  product 

6.  CONCLUSIONS 

In  the  standard  testing  (cumulative  failure  method)  no 
real  screening  of  the  products  take  place.  All  products 
which  withstand  the  test  are  considered  equal. 
Companies  which  produce  reliable  products  will 
benefit  from  the  reliability  system  based  on  degradation 
Iritwtirc- 

1)  good  reliability  indicators  fix  products  with 
equivalent  specifications. 

2)  reduced  screening  tunes.  Products  with  low  intrinsic 
reliability  and/or  low  reliability  capability  has  to 
undergo  long  screening  times 

3)  ’unreliable*  products  have  to  be  aged  mote  during 
screening.  The  life  time  of  "unreliable"  products  will 
be  reduced  even  more  due  to  this  screening  strategy 

4)  Companies  which  invest  in  good  measuring 
equipment  will  benefit.  SHwwg  fawn  r—  t^ 

due  to  the  woiring  resolution. 

5)  Degradation  kinetics  opens  the  possibility  fix 
built-in  reliability  and  robust  production  (for  lifetime) 


All  these  benefits  helps  the  companies,  which  produce 
reliable  products,  to  lower  their  costs  and  to  strengthen 
their  market  position.  A  quality  system  fix  rehabtlity 
has  to  support  this  attitude! 


Fig  2:  The  minimum  screening  time  can  be 
derived  as  the  time  where  the  difference  between 
the  3s-curve  and  the  “defect  curve  is  larger  than 
the  measuring  resolution 
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ABSTRACT 

Tests  and  screens  are  usually  selected  from 
govemment/military  specifications,  such  as  US  MIL-STD-883, 
in  the  hope  that  the  stresses  and  stress  magnitudes  will  target 
dominant  failure  mechanisms  and  reveal  the  suitability  of  a 
technology  or  design  for  a  given  application  environment. 
The  testing  approach  presented  in  this  paper  determines  test 
levels  based  on  failure  mechanisms,  failure  modes,  and 
stresses  for  the  application.  It  uses  quantitative  failure  models 
and  acceleration  transforms,  and  adapts  the  knowledge  of 
dominant  failure  mechanisms  to  the  selection  of  accelerating 
stress  parameters.  The  stress  levels,  designed  specifically  for 
each  test  article,  are  based  on  manufacturing  processes, 
geometry  and  materials. 

KEYWORDS 

Physics  of  failure,  accelerated  testing,  competing  risks, 
electronics  reliability,  reliability  testing 

INTRODUCTION 

Tests  and  screens  are  selected  from  govemment/military 
specifications,  such  as  MIL-STD-883,  based  on  the 
assumptions  that  the  stresses  and  stress  magnitudes  will  target 
the  dominant  failure  mechanisms  and  reveal  suitability  of  a 
technology  or  design  for  a  given  application  environment. 
However,  as  noted  by  the  US  Air  Fora  Rome  Laboratory,  in 
foe  January  1994  IEEE  Reliability  Society  Newsletter, 
"Although  manufacturers  continue  to  use  these  screens  today, 
most  of  the  screens  are  impractical  or  need  modifications  for 
new  technologies,  and  add  little  or  no  value  for  mature 

technologies _ With  foe  defease  budget/market  declining, 

foe  DoD  cannot  afford  costly  test  requirements  that  add  tittle 
value  to  product  quality  or  can  be  met  in  other  ways.’ 

Present  technology  is  changing  at  such  a  pace  that  devices  can 
be  obsolete  before  they  reach  maturity.  Abo,  new 
development  in  products  end  advances  in  technology,  coupled 
with  foe  need  to  improve  product  reliability,  have  increased 
demand  for  the  application  of  accelerated  tests.  With  the  use 
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of  modern  technology,  products  can  be  designed  to  operate  for 
teas  of  yean  without  failure.  Accelerated  tests  are  thus 
needed  by  design,  reliability  and  manufacturing  engineers  to 
obtain  timely  infocmatioo  on  the  reliability  of  components  and 
materials.  Accelerated  tests  are  needed  in  foe  reliability- 
design  process  to  assess,  demonstrate  and  improve  component 
and  subsystem  reliability,  certify  components,  detect  failure 
modes,  compare  different  manufacturers,  and  improve  overall 
quality. 

Satisfactory  approaches  to  these  issues  have  been  elusive, 
which  has  precluded  the  widespread  use  of  accelerated 
reliability  testing.  Failures  must  be  identified  with  respect  to 
the  failure  mechanism  and  stresses  in  order  to  address  failures 
genetically  coupled  with  an  understanding  of  the  failure 
mechanism.  Increased  use  of  physics-of-failure  concepts 
during  product  design  &  manufacturing  may  soon  help  reduce 
some  of  these  difficulties,  thereby  increasing  the  usefulness  A 
acceptance  of  accelerated  reliability  testing  of  electronic 
products. 

APPROACH 

Difficulties  encountered  in  accelerated  reliability  testing  of 
electronic  products  have  limited  its  application  A  acceptance. 
Crucial,  but  difficult  issues  associated  with  the  evaluation  of 
accelerated  reliability  tests  include: 

•  determination  of  the  dominant  failure  mechanisms, 
sites  and  modes  that  are  the  weakest  links  in  the 
product  under  intended  life-cycle  loads  and  how  best 
to  improve  the  design  and/or  manufacture. 

•  determination  of  appropriate  stress  levels  for 
accelerated  tests,  such  that,  the  product  that  passes 
the  accelerated  tests  will  have  no  dominant  failure 
mechanisms  that  are  likely  to  occur  under  intended 
life-cycle  loads 

•  assessment  of  product  reliability  under  intended  life- 
cycle  loads  from  data  obtained  under  accelerated 
tests. 


One  of  die  keys  to  (he  proposed  acceleration  modeling 
approach  is  the  explicit  treatment  of  failure  processes  or 
mechanisms.  Separate  treatment  of  failure  mechanisms,  a 
central  feature  of  the  physics-of-failure  approach,  is 
recommended  by  leading  authorities  on  the  accelerated 
reliability  testing  of  electronic  devices  since  failure 
mechanisms  can  have  different  life  distributions  and 
acceleration  models  (e.g.,  {Nelson  1990;  Tobias  ft  Trindade 
1986]).  ‘lust  as,  in  general,  different  failure  mechanisms 
follow  different  life  distributions,  they  may  also  have  different 
acceleration  models.. .we  can  study  each  failure  mode  and 
mechanism  separately  . .This  method  is  virtually  the  only  way 
to  do  acceleration  modeling  successfully'  {Tobias  &  Trindade, 
1986,  p.137] 
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Figure  1  Time  to  failure  versus  stress  for  a  hypothetical 
microelectronic  device 

Consider  a  microelectronic  device  which  is  subject  to  failure 
due  to  three  dominant  failure  mechanisms  acting  at  associated 
failure  sites  within  the  device.  While  the  time  to  failure  of 
each  of  the  failure  mechanisms  may  be  influenced  by  changes 
in  several  parameters,  including  loads,  geometries,  material 
properties,  defect  magnitudes  and  stresses,  focus  is  placed  on 
the  impact  of  stress  on  time  to  failure.  Figure  1  depicts  the 
relationship  between  the  time-to-failure  distribution  of  each  of 
the  three  failure  mechanisms,  and  the  stress  that  each 
mechanism  has  a  dominant  dependence  on.  The  failure 
mechanisms  that  cause  hardware  failures  in  electronic  products 
generally  do  not  have  identical  stress  dependencies.  For 
example,  the  temperature-stress  dependencies  of 
microelectronic  failure  mechanisms  are  known  to  vary 
considerably  [Pecht,  Lail  1992],  The  relationship  between  die 
device  dme-to-failure  and  stress  may  be  elusive  unless  future 
mechanisms  receive  explicit  treatment  Explicit  consideration 
of  dominant  failure  mechanisms,  and  their  dependencies  on 
loads,  geometries  and  material  properties,  will  provide  the 
insight  required  to  design  ft  build  reliability  into  electronic 
products,  and  compress  reliability  test  time.  The  proposed 
accelerated  test  approach  will  include: 


•  Determine  the  likely  failure  mechanisms,  based  on 
current  models  for  each  potential  failure  mechanism. 
Include  information  on  model  applicability  and 
limitations. 

•  Review  tbe  various  stresses  and  their  limits  for  the 
models  of  each  future  mechanism  in  order  to 
determine  the  accelerated  stresses  to  be  used  in  the 
test 

•  During  the  test  perform  a  thorough  failure  analysis 
of  each  part  interconnection,  etc.  until  the  root-cause 
failure  mechanismfs)  is  determined. 

•  Using  the  competing-risk  analytical  approach, 
estimate  model  parameters  for  each  failure 
mechanism  using  only  failures  due  to  that  failure 
mechanism,  treating  failures  due  to  other  failure 
mechanisms  as  censoring  times. 

•  Extrapolate  down  to  use  stress  for  each  failure 
mechanism. 

•  Use  the  competing-risk  model  to  combine  the  times- 
to-failure  distributions,  of  tile  failure  mechanisms. 
This  would  result  in  a  composite  function  appropriate 
for  a  non-repairable  electronic  item  or  the  timc-to- 
first-failure  of  a  repairable  electronic  system.  Any 
reliability  parameters  of  interest  can  be  calculated 
from  this  composite  function. 

ROLE  OF  THE  PoF  APPROACH  IN  ACCELERATED 
TESTING 

What  is  the  PoF  approach?  PoF  is  an  approach  to  aid  in  the 
design,  manufacture  and  application  of  a  product  by  assessing 
the  possible  failure  mechanisms  due  to  expected  life-cycle 
stresses.  PoF  is  an  approach  to  reliability  assessment,  not 
reliability  prediction.  Reliability  assessment  involves  the 
evaluation  of  product  potential  to  survive  for  the  mission  life 
in  the  application  environment.  Attributes  for  addressing 
product  potential  to  survive  mission  life  include:  dominant 
failure  mechanisms  and  the  stress  driven  for  failure,  and  a 
pareto  ranking  of  the  times  to  failure  of  the  dominant  failure 

How  do  microelectronic  device  failures  manifest  themselves? 
Failures  can  be  broadly  categorized  by  the  nature  of  the 
loads — mechanical,  thermal,  electrical,  radiation,  and 
chemical— that  trigger  or  accelerate  die  mechanism. 
Mechanical  failures,  for  example,  can  result  from  clastic  or 
plastic  deformation,  buckling,  brittle  or  ductile  fracture, 
interfacial  separation,  fatigue  crack  initiation  and  propagation, 
creep,  and  creep  rapture.  Thermal  failures  can  arise  by 
operating  tbe  component  outside  its  thermal-performance 
specifications,  through  heating  a  component  beyond  its  critical 
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temperature  (such  as  the  glass-transition  temperature,  melting 
point,  or  flash  point),  or  by  severely  cycling  the  temperature. 
Electrical  failures  include  those  due  to  electrostatic  discharge, 
dielectric  breakdown,  junction  breakdown,  hot  electron 
injection,  surface  and  bulk  trapping,  surface  breakdown,  and 
elecuomigratioa.  Radiation  failures  are  caused  principally  by 
uranium  and  thorium  contaminants  and  secondary  cosmic  rays. 
Chemical  failures  arise  in  environments  that  accelerate 
corrosion,  oxidation,  and  ionic  surface  dendritic  growth 
(Table  1). 

The  PoF  approach  aids  in  determining  potential  causes  and  the 
location  of  failures  and  in  developing  effective  accelerated 
tests.  The  PoF  approach  supports  good  engineering  judgement 
regarding  the  impact  of  stresses  on  the  product  or  elements  of 
the  product.  Stresses  can  arise  throughout  the  life-cycle,  in 
manufacturing,  handling,  storage,  and  operation.  The  PoF 
approach  has  been  implemented  in  the  Computer-aided  Design 
of  Microelectronic  Packages  (CADMP-II)  Software. 
CADMP-I1  is  a  set  of  integrated  software  programs  that  can 
be  used  to  design  and  assess  integrated  circuit  (1C),  hytxid, 
and  multichip  module  (MCM)  packages.  CADMP-II  may  be 
used  in  several  ways: 

•  PoF  approach  will  assist  in  rapidly  assessing 
alternative  microelectronic-package  design  solutions 
during  qualification.  Reliability  assessment  for  each 
design  alternative  consists  of  a  parefo  ranking  of  die 
dominant  failure  mechanisms  in  terms  of  time-to- 
failure.  The  ability  to  satisfy  mission  life 
requirements,  and  avoid  failure  due  to  any  of  the 
dominant  failure  mechanisms  during  mission  life, 
will  provide  a  measure  of  relative  worth  and  aid  in 
selecting  the  best  of  the  available  options. 

•  Once  a  design  is  selected,  the  PoF  approach  may  be 
used  as  a  guide  to  design  improvement  by  identifying 
the  drivers  for  the  dominant  future  mechanisms 
during  accelerated  test  design.  The  driven  may 
include  package  architecture,  material  properties  and 
application  environment  The  merit  of  various  design 
trade-offs  can  then  be  evaluated  by  determining  the 
sensitivity  of  the  dominant  degradation  mechanisms 
to  failure  mechanism  drivers. 

•  The  ability  ofa  proposed  design  to  resist  any  damage 
during  accelerated  testing  may  be  assessed.  This 
information  can  be  used  to  modify  a  design  or  derive 
appropriate  screens  for  minimal  residual  damage  to 
good  components. 

•  The  PoF  approach  is  useful  to  various  other 
engineering  analyses.  Examples  include:  evaluation 
of  new  materials,  structures,  and  technologies; 
assessment  of  packages  designed  by  other  software 
programs  or  manufacturers;  maintenance  strategy 
planners  can  make  use  of  infonnation  concerning  the 
potential  failure  sites,  to  minimi™,  down  time,  due  to 
fault  isolation 


ACCELERATED  TEST  MODELS:  EMPDUCAL  VS. 

POF  MODELS 

An  accelerated  test  model  is  a  mathematical  equation  used  to 
relate  the  behavior  of  an  item  at  one  stress  level  to  its 
behavior  u  another  stress  level.  Models  which  are  entirely 
based  on  curve  fitting  of  test  data  are  called  empirical 
models.  Models  which  describe  behavior  at  the  structural,  or 
atomic  level  consistent  with  experimental  results,  are  called 
structural,  closed-form,  constitutive,  or  physics-of-failure 
models.  PoF  models  characterize  various  degradation 
mechanisms  operational  in  microelectronic  devices.  The 
degradation  mechanisms  address  mechanical,  electrical,  and 
chemical  degradation.  The  mechanical  degradation 
mechanisms  address  thermal  mismatches  at  mating  interfaces, 
spatial  temperature  gradient,  time-dependent  temperature- 
change  induced  stresses,  vibration,  and  mechanical  shock 
stresses.  Electrical  degradation  mechanisms  address 
temperature,  ionic  contamination  and  charge  anomaly  induced 
parameter  drifts  including  intrinsic  carrier  concentration, 
thermal  voltage,  mobility,  current  gain,  leakage  current, 
collector-emitter  saturation  voltage,  and  VTC  shift  for  Bipolar 
Devices;  and  threshold  voltage,  mobility,  drain  current,  time 
delay,  strong  inversion  leakage,  subthreshold  leakage,  and  chip 
availability  for  MOSFET  devices.  Chemical  degradation 
mechanisms  address  moisture  and  contamination-induced 
corrosion.  In  addition,  mass-transfer  degradation  mechanisms 
involving  electromigration,  stress  driven  diffusive  voiding, 
metallization  migration,  contact  spiking,  and  hillock  formation 
have  also  been  addressed.  PoF  models  address  potential 
degradation  mechanisms  in  various  package  elements 
including  the  element  attach,  substrate,  substrate  attach,  lead, 
lead  seal,  lid,  lid  seal,  case,  and  interconnects. 

The  mechanical,  electrical  and  chemical  degradation  induced 
mechanisms  have  been  classified  into  wearout  and  overstress 
mechanisms.  Wearout  mechanisms  address  the  time  to  failure 
under  user-specified  defect  magnitudes  due  to  the 
accumulation  of  damage,  while  the  overstress  mechanisms 
address  the  failure  of  the  component  under  the  first  application 
of  the  load.  While,  it  would  be  physically  impossible  to  list  all 
the  models  in  this  paper,  a  representative  sample  of  the 
models  is  given  in  table  2. 

In  general,  a  typical  failure  model  can  be  represented  as 
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Figure  2:  The  graph  illustrates  the  method  for  identifying  the  optimal  values  of  accelerated  stress  loads 
such  as  temperature,  based  on  the  sensitivity  of  dominant  failure  mechanisms.  The  accelerated  test 
temperature  at  point  A  corresponds  to  failure  due  to  SDDV,  while  the  test  temperature  at  point  B 
corresponds  to  a  much  lower  time-to-failure  due  to  TDDB.  Notice  the  failure  mechanism  shift,  as  the 
accelerated  stress  condition  changes.  The  acceleration  transform  itself  can  be  modified  by  changing  the 
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i  m  I  to  o)  are  the  geometric  parameters,  m*(for  i  »  1  to  n) 
are  the  material  properties,  p*(for  i  ■  1  to  n)  are  the 
operational  parametets,  e,(for  i  «  1  to  o)  are  the 
environmental  stresses,  d*(for  i  ■  1  to  n)  are  the  defect 
magnitudes  and  I  and  r  are  user  specified  indexes  to  indicate 
the  existence  or  non-existence  of  a  defect;  8*  ■  0  for  I  U  r 
and  S,  ■  1  for  l«r.  For  example,  Black's  electromigration 
model  can  be  represented  as 

w-«<r  *-«r  0 

“  F  j  o  0  ® 

TOO 
0  0  0 

In  this  representation  of  the  Black’s  equation,  parameters  such 
as  activation  energy,  current  exponent  and  Black’s 
electromigretion  coefficient  are  treated  as  material  properties 
because  their  values  vary  for  different  metallization  materials. 

The  models  are  based  on  the  physics  or  mechanics  of  the 
degradation  mechanisms  and  have  been  derived  from  the 
literature.  To  ensure  that  the  equations  are  not  applied  beyond 
their  ranges  of  validity,  the  references,  along  with  the  range 
over  which  the  equation  has  been  validated  by 
experimentation,  has  been  cited  in  the  failure  mechanism 
library.  PoF  models  me  used  to  identify  the  dominant 
degradation  mechanisms  of  the  component  in  the  application 
environment  specified  by  the  life-cycle  stress  profile.  Life¬ 
cycle  stress  profile  refers  to  the  magnitude  and  duration  of  all 
the  loads  the  package  is  subjected  to  during  its  life-cycle 
including  data  on  package  manufacturing,  assembly,  storage, 
transportation,  usage,  and  repair  environments. 

ACCELERATED  TEST  STRESS  DESIGN 

Sensitivity  analysis  is  used  to  identify  the  optimal  values  of 
accelerated  stress  loads,  such  as  temperature,  based  on  the 
sensitivity  of  the  dominant  failure  mechanisms  to  the  loads 
The  methodology  hat  been  illustrated  by  an  example. 
Sensitivity  analysis  involves  identification  of  the  functional 
relationships  for  each  of  the  dominant  bilure  mechanisms 
(listed  in  Table  2).  Consider  a  device  in  which  the  dominant 
failure  mechanisms  consist  of  electromigretion,  stress  driven 
diffusive  voiding  (SDDV),  time-dependent  dielectric 
breakdown  (TDDB),  corrosion,  and  excessive  intetmrtallirs. 
Based  oo  the  functional  relationships  in  table  2,  the  time  to 
failure  due  to  various  mechanisms  is  then  calculated,  versus 
change  in  the  nominal  value  of  temperature.  The  relative 
dominance  of  the  failure  mechanisms  and  the  maximum 
operating  temperature  for  desired  mission  life  can  then  be 
stressed  at  various  temperatures.  Accelerated  test  temperature 


at  point  A  will  result  in  a  failure  due  to  SDDV  after  a  test 
time  of  2  x  10*  hours  (given  by  point  A  on  figure  2).  The 
dominant  failure  mechanism  in  this  accelerated  stress  test  is 
SDDV.  The  dominant  mechanism  however,  will  change  to 
TDDB,  if  the  test  temperature  were  to  be  raised  to  point  B. 
The  dominant  mechanism  in  this  case  will  be  TDDB  with  a 
accelerated  test  time  of  20  hours.  The  acceleration  transform 
such  as  shown  in  figure  2  can  be  used  to  relate  the  accelerated 
test  tune  to  time-to-faiiiae  under  (he  intended  life  cycle  stress 
profile.  Purther,  the  accelerated  stress  magnitudes  can  be 
derived  from  die  acceleration  transform  to  target  various 
dominant  mechanisms.  The  test  time  due  to  any  one 
environmental  stress  can  be  further  optimized  based  on  the 
dependence  of  the  dominant  failure  mechanisms  oo  operating 
stresses.  As  an  example,  the  dominant  mechanisms  in  this  case 
have  a  dominant  dependence  on  the  following  operating 
stresses:  duty  cycle  (DC),  electric  field  across  oxide  (E_), 
effective  oxide  thickness  (x*,)  and  maximum  current  density 
in  metallization  (Max.j).  A  test  time  and  the  dominance  of 
the  failure  mechanisms  can  thus  be  changed  by  changing  the 
value  of  the  operating  stresses  during  accelerated  test,  to  target 
various  failure  mechanisms  and  achieve  optimal  time 
compression. 

DEFECT  RELATED  RELIABILITY 

Defects  are  classified  in  three  major  categories:  intrinsic 
material  defects  (including  improper  materia]  properties); 
improper  geometry  (including  improper  size,  cracks,  improper 
thickness):  and  improper  location  (including  misregistration 
errors).  Effects  of  defect  magnitudes  can  be  addressed  in 
terns  of  effect  on  tiroe-to-failure  or  effect  on  performance 
parameters. 

Defect  information  is  used  for  both  designing  test  structures 
for  accelerated  tests  and  for  device  screening.  While  the  basic 
geometry,  material,  and  operation  parameters  determine  the 
nominal  reliability,  the  worst-case  defect  magnitudes  may  be 
used  to  determine  a  defect-related  reliability.  Most  users  of 
microelectronic  packages  do  not  design  their  package,  so  the 
liberty  of  specifying  the  defect  magnitudes  does  not  generally 
exist.  While  some  degree  of  defects  exist  in  all  product  within 
the  limits  of  the  snristiral  process  control,  the  allowable 
defect  magnitudes  can  be  derived  based  on  life  cycle  stress 
profile  and  mission  life  requirements.  Susceptibility  to  various 
failure  mechanisms  in  a  design  can  be  assessed  by  evaluating 
the  time-to-feilure  for  potential  failure  mechanisms,  during  the 
life  time  of  the  product  Failure  mechanisms  which  are  most 
likely  to  result  in  device  failure  during  mission  life  are  then 
termed  as  the  dominant  failure  mechanisms  Once  the 
knowledge  of  the  dominant  field  failure  mechanisms  has  been 
obtained,  the  acceleration  transforms  relating  die  device  life  in 
operation  to  that  in  accelerated  testing  can  be  derived.  Defect 
related  reliability  can  then  be  addressed  by  screens  derived  by 
tssrtsing  (be  effects  of  the  "worst  case  defect  magnitudes" 
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during  accelerated  tests. 


Allowable  defect  magnitudes  are  determined  based  on  the 
sensitivity  of  the  time-to-failure,  due  to  potential  failure 
mechanisms,  from  PoF  models  as  follows: 


For 


i'k 


>  0 


/•* 


.AND.  tfML 


(3) 
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If 
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<  0 
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Calculate  maxfdyj  t  .AND.  tj>ML 


where  ML  is  the  mission  life.  The  mathematical  expression 
can  be  plotted  as  figure  3  which  shows  the  variability  in  life 
L,  <  <  Lj  versus  an  operational  stress  parameter  p(ij)  and 

a  defect  d(ij).  The  allowable  defect  magnitude  is  selected 
such  that  the  lower  bound  on  the  variability  in  life  due  to  the 
defect  is  greater  than  the  mission  life  in  the  application 
environment.  The  minimum  and  maximum  defect  magnitudes 
which  will  not  allow  device  failure  during  mission  life  (in  the 
application  environment  specified  in  the  life-cycle  stress 
profile)  is  thus  evaluated.  These  defect  magnitude  are  then 
used  to  design  screens.  An  example  application  of  the  concept 
is  TDDB.  TDDB  is  the  formation  of  low  resistance  dielectric 
paths  through  localized  defects  in  dielectrics  such  as  thermally 
grown  oxides  or  other  oxides  in  MOS  devices.  Failures 
typically  occur  at  weaknesses  in  the  oxide  layer  due  to  poor 
processing  or  uneven  oxide  growth.  Various  studies  have 
demonstrated  a  correlation  between  the  low  breakdown 
strength  and  presence  of  stacking  faults  in  the  oxides  [Liehr, 
1988).  Other  studies  have  attributed  early  oxide  breakdown 
to  charge  accumulation  in  oxide  [Lee,  1988;  DiSlefano,  197S; 
Harai,  1978;  Ricco.  1983;  Holland,  1984]  and  to  local  thinning 
and  discontinuities  in  the  oxide  caused  by  metal  precipitates 
[Honda,  1984;  Honda,  I98S;  Wendt,  1989).  The  mechanism 
is  characterized  by  the  sudden,  usually  permanent,  d.c. 
conduction  in  the  dielectric  of  MOS  capacitors.  Typically, 
thin  FET  dielectric  materials  exhibit  this  breakdown  failure 
mechanism  depending  on  latent  defect  density,  temperature, 
electric  field  intensity,  ratio  of  the  device  operating  potentials 
to  the  intrinsic  dielectric  strength,  and  the  distances  between 
the  conductors  in  electronic  packages  which  are  defined  by 
technr,'<gy  limits  or  electrical  requirements.  The  screen  for 
effect . :  oxide  thickness  can  be  devised  based  on  the  life 
curve  for  TDDB  versus  temperature  and  effective  oxide 
thickness  (derived  based  cn  the  [Moazzami,  et  a).  1989] 
model;  Table  2). 


Conversely,  the  adequacy  of  MIL- STD-883  can  be  assessed 
for  a  particular  design.  An  example  of  defect-detection 
oriented  non-stress  screen  is  Method  2010;  M1L-STD-883 
which  addresses  scribing  and  die  defects,  diffusion  and 
passivation  faults,  metalization  —  non-adherence,  bridging, 
misalignment  scratches  and  voids;  gate  alignment  and 
voiding;  and  dielectric  isolation  defects  for  active  devices. 

COMPETING  CAUSES  OF  FAILURE 

An  important  issue  that  arises  when  reliability  assessment 
begins  at  the  failure-mechanism  level  concerns  development 
of  a  probabilistic  time  to  failure  for  an  electronic  product.  In 
particular,  given  information  on  probabilistic  times  to  failure 
for  relevant  failure  mechanisms  acting  at  associated  failure 
sites,  a  suitable  approach  is  needed  to  developing  probabilistic, 
product  time  to  failure.  An  approach  to  this  problem  is 
competing-risk  modeling. 

Reliability  quantification  has  frequently  focused  on  the 
approximation  of  a  constant  hazard  rate  value  for  each  device, 
which  are  then  summed  to  obtain  a  constant  hazard  rate  value 
for  the  circuit  card  assembly.  The  summing  of  constants 
continues  up  the  indenture  levels.  This  process  focuses 
attention  on  quantifying  the  reliability  of  a  product  in  terms  of 
reliability  parameters  for  each  item  contained  within  the 
product.  By  contrast,  the  competing-risk  model  focuses 
attention  on  the  times  to  failure  of  the  failure  mechanisms  & 
sites  that  dominate  a  competition  to  cause  product  failure. 
These  times  to  failure  are  treated  as  individual  random 
variables,  regardless  of  whether  the  product  is  a  device,  circuit 
card  assembly,  or  system,  and  a  constant  hazard  rate  is  not 
assumed.  Reliability,  regardless  of  indenture  level,  is 
quantified  directly  from  the  times  to  failure  of  the  failure 
mechanisms  &  sites  that  are  dominant  at  that  indenture  level. 
Use  of  the  competing-risk  model  supports  &  encourages 
modeling  of  the  dominant  product  failure  mechanisms  &  sites, 
which  can  provide  extraordinarily  powerful  input  to  various 
reliability,  maintainability  and  logistics  analyses  throughout  the 
product  life  cycle.  Though  the  competing-risk  model  is  of 
general  applicability,  the  following  sections  will  focus  on 
microelectronic  devices  due  to  their  importance  to  electronic 
products. 

Comoetina-Risk  Modelint 

A  microelectronic  device  has  a  potential,  random  time  to 
failure  from  each  of  n  root-cause  failure  mechanisms 
acting  at  associated  failure  sites  within  the  device.  In  the 
series  case,  the  microelectronic  device  fails  when  the  first  of 
the  r  times  to  failure  occurs.  This  model  is  often  called  the 
competing-risk  or  weakest-link  model  [Tobias  A  Trindade 
1986,  p.164;  Nelson  1990  p.378;  Mann  et  a!,  p.142).  A  list  of 
the  failure  mechanisms  St  sites  that  are  key  to  microelectronic- 
device  reliability  can  be  found  in  [Lall,  et  al.  1993).  If  T,.  T,, 
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— .  T.  are  the  potential,  random  times  to  failure  for  the  n  may  be  sufficient  for  some  practical  purposes  [Nelson  1990 

failure  mechanisms,  then  the  time  to  failure  of  the  p.382].  It  may  also  be  possible  to  reduce  sources  of 

microelectronic  device  is  dependency,  such  as  load  variation,  by  performing  separate 

_  .  ...  physies-of-failure  reliability  assessments  at  selected  load 

“(’i.  “j.  "  "»)•  (5)  values. 


For  a  particular  set  of  loads,  the  reliability  of  the  device,  as  a 
function  of  time  (R**,  (l)),  is  given  by 

8^(1)  -  RKfartt.  *  *)■  W 

Thus 

R**,(0  -  fM(T,a»)n(r1ii)n~rKr.iO).  0) 

This  is  the  general  form  of  the  competing-risk  model  and  can 
perhaps  be  best  evaluated  with  a  monte  carlo  simulation,  given 
sufficient  data  concerning  the  variation  in  the  failure- 
mechanism  times  to  failure.  Sources  of  dependency  between 
competing  failure  mechanisms  include  variation  of  local  loads, 
geometries  and  materia]  properties  which  affect  more  than  one 
of  the  n  failure  mechanisms.  The  sources  of  dependency  can 
be  modeled  in  a  simulation  through  appropriate  distribution  of 
the  value  selected  for  a  load,  physical  dimension,  or  material 
property  during  a  particular  monte  carlo  trial.  Because  loads 
and  geometries  are  stress  analysis  inputs,  load  and  geometry 
variations  affect  the  stress  analysis.  It  would  not  be  practical 
to  embed  a  stress  analysis  within  a  monte  carlo  trial,  but  a 
load/geometry  to  stress  transformation  could  be  developed 
from  stress  analyses  and  embedded  within  the  simulation. 

Independent  Case 

If  the  n  times  to  failure  are  statistically  independent,  then  the 
reliability  of  the  microelectronic  device  simplifies  to 

***,(')  -  Fnr.aOfttrjiO-fttT.ar).  (8) 

Thus 

***.«  -  -  «.(•)■  w 

This  is  the  special  case  of  the  competing-risk  model  for 
independent  competing  risks.  It  can  be  shown  (eg,  [Mann  et 
al.  pp.  142-145])  that,  in  this  case,  the  hazard  functions  of  the 
n  times  to  failure  can  be  summed: 

*  *i(0**jW+  “  ♦*,(*)•  U0) 

If  the  n  times  to  failure  are  not  statistically  independent,  then 
the  independent  competing-risk  model  is  not  entirely 
appropriate,  but  can  provide  a  lower  limit  on  the  reliability  of 
the  device  when  the  times  to  failure  are  positively  correlated. 
The  reliability  of  the  shortest  time  to  failure  can  be  used  as  an 
upper  limit  on  the  device  reliability.  This  crude  bracketing 


Reliability  Bounds 

If  the  life  distributions  of  the  n  failure  mechanism  times  to 
failure  are  not  known,  it  may  still  be  possible  to  bound  the 
reliability  (or  other  parameters  of  interest)  of  a  microelectronic 
device  based  on  partial  information  concerning  the  n  life 
distributions.  The  more  complete  the  information  about  the  n 
life  distributions,  the  tighter  the  bounds  can  be  made. 

Reliability  Bound  Based  on  Means 

Perhaps  the  simplest  reliability  bound  available  is  based  on 
first  moments  (re,  means)  of  the  n  failure-mechanism  times  to 
failure,  provided  the  hazard  rates  of  the  failure  mechanisms  do 
not  decrease  with  time.  Or  more  formally  stated,  if  the  means 
of  the  ir  times  to  failure  are  known,  and  if: 

(1)  the  microelectronic  device  is  "coherent'  (ie, 
improving  the  reliability  of  one  failure  mechanism 
can  not  decrease  the  reliability  of  the  device) 

(2)  the  failure-mechanism  times  to  failure  are  either 
statistically  independent  or  "associated"  (ie,  the  times 
to  failure  tend  to  act  similarly  which  is  often  the  case 
because  external  loading  affects  many  failure 
mechanisms  adversely) 

(3)  the  failure-mechanism  times  to  failure  have 
increasing  or  constant  hazard  functions  (ie,  wearout 
or  constant  hazard  function  applies  to  all  failure 
mechanisms)  with  known  mean  lives  p„  p2,  —,  p, 

(4)  the  time  period  of  interest,  r,  is  less  than  the 
minimum  of  the  known  failure-mechanism  mean 
times  to  failure, 

then  the  reliability  of  the  microelectronic  device  can  be  related 
to  the  mean  failure-mechanism  times  to  failure  by  [Barlow  & 
Proschan,  pp.  113-114]: 


While  this  bound  will  often  turn  out  to  be  quite  conservative 

in  many  applications,  it  offers  a  few  distinct  advantages: 

•  the  failure-mechanism  times  to  failure  need  not  be 
statistically  independent 

•  the  precision  of  the  probabilistic  quantification  of 
microelectronic-device  reliability  is  consistent  with 
the  available  information 

•  it  provides  an  auditable  link  between  probabilistic 


microelectronic -device  time  to  failure  and  analysis  of 
the  dominant  failure  mechanisms  A  sites. 

Improved  bounds  which  take  advantage  of  additional 
information  about  the  life  distributions  of  the  failure 
mechanism  times  to  failure  are  available. 

Reliability  Bound  Based  on  Mean  and  Variance 

Barlow  &  Marshall  developed  a  method  [Barlow  &  Marshall 
1965]  that  provides  upper  St  lower  reliability  bounds  for  time- 
to-failure  distributions  with  non-decreasing  hazard  functions 
or  non-increasing  hazard  functions,  given  that  the  mean  and 
variance  (or  standard  deviation)  are  known.  The  bounding 
method  for  the  non-decreasing  hazard  function  is  of  greater 
interest  here  since  a  failure  mechanism  that  is  either  subject  to 
wearout  or  has  a  hazard  function  that  is  constant  in  time  can 
be  addressed.  Others  have  found  this  method  to  provide  tight 
reliability  bounds  given  the  available  information  on  the  time 
to  failure  distribution  (eg,  [Gertsbakh  1989,  p.  64]). 

Because  no  explicit  analytical  forms  are  available,  these 
reliability  bounds  have  been  tabulated  in  [Barlow  A  Marshall 
1965].  In  order  to  use  the  tables,  the  mean  must  be  normalized 
to  1  and  the  second  moment  about  the  origin  must  be 
calculated.  A  general  relationship  between  moments  of  a 
distribution  is  [Hastings  1974.  p  14]: 

*  r(;Vv,  (-o.v  •  (u) 

HI  '  ' 


In  order  to  use  the  tables  in  [Barlow  A  Marshall  1965],  the 
time  r  must  also  be  divided  by  the  mean. 

With  this  method,  rise  reliability  of  each  of  the  dominant 
failure  mechanisms  can  be  bounded.  Regardless  of  the 
indenture  level  of  the  item  to  be  quantified,  each  of  the 
dominant  failure  mechanisms  for  the  item  should  be  bounded 
and  then  the  competing-risk  model  applied.  This  method 
would  be  best  applied  to  only  the  dominant  product  failure 
mechanisms  because  of  the  conservative  nature  of  bounds.  In 
the  independent  case  of  the  competing-risk  model,  for 
example,  bounds  will  be  multiplied  together.  Hazard  functions 
should  not  be  approximated  for  low  indenture-level  items  (eg, 
devices)  and  then  summed  to  obtain  a  composite  hazard 
function  for  higher  indenture-level  items  (eg,  a  circuit  card 
assembly),  as  this  procedure  will  incur  unnecessary 
inaccuracies. 

NUMERICAL  EXAMPLE 

For  the  purposes  of  illustrating  these  concepts  &  methods, 
consider  a  microelectronic  device  with  two  dominant  failure 
mechanisms.  While  it  may  be  optimistic  to  hypothesize  a 
device  with  only  two  dominant  failure  mechanisms,  the  clarity 
of  the  illustration  will  be  improved. 


Notation 

p,  r*  moment  about  the  mean 

r*  moment  about  the  origin. 

By  setting  r  equal  to  2  in  equation  (12),  die  following 
relationship  can  be  readily  obtained: 

p2*  -  p»  -  ol  .  (13) 

Notation 


A  typical  physics-of-failure  reliability  assessment  output  tanks 
the  dominant  failure  mechanisms.  When  only  the  mean  or 
median  time  to  failure  is  considered,  the  failure  mechanisms 
are  ranked  from  the  shortest  to  the  longest  mean  or  median 
time  to  failure,  with  the  shortest  given  highest  priority. 
However,  if  the  failure  mechanism  with  the  second  shortest 
mean  time  to  failure  has  a  time-lo-failure  distribution  that  is 
much  more  dispersed  than  the  failure  mechanism  with  the 
shortest  mean  time  to  failure,  then  it  should  be  given  higher 
priority  for  corrective  action.  This  is  one  shortcoming  of 
ranking  failure  mechanisms  according  to  mean  times  to 
failure. 


p  mean  (or  first  moment  about  the  origin)  Figure  4  depicts  Weibull  probability  density  functions  (PDF) 

Pj*  second  moment  about  the  origin  for  the  two  dominant  failure-mechanism  times  to  failure  of  the 

o’  variance  (or  second  moment  about  the  mean)  microelectronic  device.  Since  both  of  the  failure  mechanisms 

O  standard  deviation.  are  subject  to  wearout,  the  Weibull  shape  parameters  are 

greater  than  one.  Characteristics  of  the  Weibull  time-to-failure 
Rearranging  the  terms  of  equation  (13)  gives  distributions  are: 


p1  •  p/  -  o*.  (M)  pDFi 

scale  parameter  q  -  100,000  hours 

The  impact  of  normalizing  the  mean  to  1  is  readily  seen  when  shape  parameter  f)  -  2 

equation  (14)  is  divided  through  by  the  square  of  the  mean:  mean  p  »  88,600  hours 
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Figure  4  Weibull  probability  density  functions 


variance  o1  =  2. 146x10*  hours3. 


11  -  100,000  hours 

P-5 

p  -  91,800  hours 
o1  -  4.423x10*  hours?. 

If  only  the  means  are  considered,  the  failure  mechanisms 
appear  to  be: 

•  roughly  comparable  in  importance 

•  not  likely  <o  result  in  failure  of  the  device  provided 
the  desired  lifetime  for  the  device  is  significantly 
shorter  than  90,000  hours. 


For  desired  device  lifetimes  of  50,000,  60,000  or  75,000 
hours,  the  Weibull  reliability  values  are  provided  in  table  3. 
the  reliability  values  of  failure  mechanism  1  are  much  lower 
than  those  of  failure  mechanism  2  indicating  that  collective 
action  should  focus  on  failure  mechanism  1. 

It  is  frequently  the  case  that  only  partial  information  is 
available  for  failure  mechanism  times  to  failure.  If  the  mean 
and  variance  for  the  failure  mechanism  times  to  failure  are 
known,  the  reliability  of  the  failure  mechanisms  can  be 
bounded  using  the  method  and  tables  of  [Bartow  &  Marshall 
1965].  The  second  moment  about  the  origin  for  failure 
mechanisms  1  and  2  can  be  calculated  from  equation  (13): 


Table  3  Time-dependent  reliability  using  Weibull 
distributions 


In  order  to  use  table  ID  in  [Barlow  &  Marshall  1965],  p,' 
must  be  divided  by  the  square  of  the  mean  and  time  r  must  be 
divided  by  the  mean.  The  lower  bounds  for  failure 
mechanisms  1  and  2  are  listed  in  table  4.  These  lower  bounds 
are  quite  close  to  the  reliability  values  calculated  from 
complete  information  on  the  time-to-failure  distributions  (table 
3).  Consequently,  a  more  accurate  assessment  of  these  two 
failure  mechanisms  can  be  made  using  this  approach 
compared  with  the  case  when  only  the  means  are  considered. 
Failure  mechanism  1  would  be  readily  recognized  as  the 
weaker  link. 


R(t) 

m 

r  (hours) 

Failure 

Failure 

Mechanism  1 

Mechanism  2 

50,000 

0.72 

0.91 

60.000 

0.64 

0.86 

75,000 

0.49 

0.71 

failure  mechanism  1 
failure  mechanism  2 


p,' «  10™ 

p,'  -  8.873x10*. 


Table  4  Time-dependent  reliability  using  bounds 


Provided  the  failure  mechanism  times  to  failure  are 
statistically  independent,  the  device  reliability  for  desired 
lifetimes  t  equal  to  50,000,  60,000  and  75.000  hours  are 
calculated  using  equation  (9),  and  are  listed  in  table  5. 

SUMMARY 

This  paper  addresses  the  infrastructure  for  screening  and 
accelerated  testing  methodology.  The  methodology  will 
facilitate  the  derivation  of  appropriate  test  and  screen  stresses 
and  their  magnitudes.  Use  of  the  physics-of-failure  approach 
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1 

(hours) 

(Wei  bull) 

(Bound) 

50,000 

0.75 

0.65 

60,000 

0.65 

0.55 

75.000 

0.45 

0.35 

Table  5  Time-dependent  device  reliability 

dining  product  design  can  supply  the  needed  models.  Because 
the  acceleration  models  of  failure  mechanisms  vary,  multiple 
accelerated  test  profiles  may  be  preferable  in  order  that  some 
failures  or  assurance  is  obtained  on  each  of  the  dominant 
failure  mechanisms.  A  physics-of-failure  reliability  assessment 
can  be  used  to  improve  fault  detection  during  an  accelerated 
reliability  test,  which  is  often  conducted  periodically  and  at 
ambient  conditions.  Use  of  physics-of-failuie  concepts  can 
provide  the  dominant  failure  mechanisms,  sites,  inodes,  and 
the  stress  conditions  under  which  those  failure  modes  are  most 
easily  detected.  This  information  can  be  used  to  tailor  and 
prioritize  the  fault  detection  provisions. 
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OmUnn  Mure  reeekaoteae:  A.  brittle  tincture,  B.  ductile  tincture,  C  yield,  D.  backbit.  E.  large  elastic  deformation.  F. 
aiiHle-avent  upset/ to  ft -error,  C.  ratUatMO-induced  tbennal  breakdown 

Wear  eat  Mart  Bechantaac  H.  creep,  J.  corrosion,  K.  dendritic  growth,  L.  ioterdifTueioti,  M  fatigue  crack  propagation.  N. 
diffusion,  O.  insulation  failure,  P.  excessive  leakage  currents,  Q.  jntetfarial  de-adhesion.  R.  fatigue  creek  initiation.  S.  Frenkel 
defects,  T.  electromigration,  U  metallization  ntigratioo,  V.  stress-driven  diffusive  voiding.  W.  charge  anomalies  (hot  electrons, 
slow  crapping),  X.  EOSfESD,  Y.  ionic  contamination,  Z.  depolymeriiatiaa 

*  Radiation  stress  may  include  gamma  rays,  alpha  panicles,  tint  neotrons,  cosmic  toys,  electrons,  and  protons. 
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Abstract 

This  paper  compare  transient  voltage  and 
current  monitoring  for  analogue  circuits 
testing.  A  coefficient  of  variation 
parameter  is  derived  to  perform  the 
comparison.  A  simple  fault  model  is 
described  to  evaluate  the  effectiveness  of 
the  time-domain  based  testing  technique. 

1.  Introduction 

The  demand  for  analogue  ICs,  especially 
those  realised  in  CMOS  and  BiCMOS 
technologies,  is  steadily  increasing  due  to 
new  application  areas  in  fields  such  as 
telecommunications,  automotive  control 
systems,  consumer  electronics ...  etc.  The 
increase  in  demand  requires  the  reliability 
of  the  analogue  ICs  to  match  that  of  the 
digital  ICs. 

However,  the  state-of-the-art  computer 
tools  that  are  used  in  the  design  and  test  of 
digital  circuits  are  much  more  advanced 
than  those  for  analogue  circuits.  This  is 
due  to  the  complex  characteristics  of 
analogue  circuits  which  depend  on 
continuous  descriptive  variables,  the 
problem  of  tolerance,  and  the  lack  of  an 
adequate  fault  model. 

To  enable  the  assessment  of  the 
effectiveness  of  a  testing  strategy  in  terms 
of  fault-coverage  a  fault-model  is  required. 


In  this  paper  a  simple  fault-model  at  the 
transistor  level  is  derived  for  analogue 
circuits.  The  model  is  then  used  to  assess 
a  the  performance  of  a  time-domain  testing 
technique.  In  this  technique  both  the 
transient  output  voltage  and  transient 
supply  current  are  monitored  to  detect  the 
presence  of  a  fault. 

2.  Fault  Model 

For  digital  ICs  a  number  of  fault  models 
are  available.  The  models  enable  the 
generation  of  tests  and  evaluation  of  the 
quality  of  tests.  However,  for  analogue 
circuits  an  adequate  fault  model  virtually 
does  not  exist,  and  this  is  one  of  the  main 
reasons  for  the  lack  of  automatic  test 
pattern  generation  algorithms  for  such 
circuits. 

Therefore,  to  evaluate  the  effectiveness  of 
the  proposed  time-domain  testing 
technique,  a  fault  model  at  the  transistor 
level  was  derived  to  synthesis  catastrophic 
faults  in  an  analogue  IC.  The  model, 
shown  in  Fig.l,  is  based  on  the  studies  of 
ICs  yield  [1]  and  prominent  modes  of 
failure  of  MOS  transistors  [2J.  It  indicates 
that  the  likely  single  faults  are:  drain-open, 
source-open,  gate-drain-short,  gate-source- 
short,  and  drain-source-short.  These  faults 
are  caused  by  open  circuits  in  the  diffusion 
and  metallization  layers,  and  short  circuits 
between  adjacent  diffusion  and 
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metallization  layers.  No  probabilities  are 
associated  with  each  fault. 


•  !»ll 


Figure  1:  MOS  Fault  Model 


3.  Time-Domain  Technique 

The  time-domain  testing  strategy  [3]  is 
based  on  the  excitation  of  the  circuit- 
under-test  (CUT)  with  a  pseudo  random 
binary  sequence  (PRBS)  of  pulses,  and 
subsequent  measurement  of  the  transient 
response  at  the  output  node/s.  Both  the 
transient  voltage  at  the  output  node/s  and 
the  transient  current  iDOT  of  the  supply 
current  are  measured.  The  transient 
current  (iDtrr)  testing  technique  is  similar 
to  the  IDDQ  testing  [4]  used  for  digital 
circuits,  except  that  IDDQ  testing  is 
performed  under  static  conditions  while 
iuor  testing  is  performed  under  dynamic 
conditions. 

The  PRBS  was  selected  as  a  test  vector  [5] 
because  it  can  be  readily  generated  by  a 
digital  tester,  such  sequences  have  well 
defined  properties,  can  be  used,  if 
necessary,  to  extract  the  impulse  response 
of  an  analogue  CUT  and  the  pulse  width 


can  be  tailored  to  force  large  Fourier 
components  to  fall  within  the  sensitive 
region  of  the  circuit  response.  If  the  CUT 
is  a  mixed-signal  network,  the  response 
generated  by  applying  a  PRBS  test  signal 
can  be  used  as  a  signature  to  characterize 
the  network  under-test. 

4.  Voltage  and  iBin.  Monitoring 

To  establish  whether  a  fault  was  detected 
or  not,  the  response  of  the  CUT  is 
compared  with  that  of  the  fault-free 
toleranced  response.  If  the  CUT  response 
falls  outside  the  bounds  of  the  fault-free 
toleranced  response  at  least  at  one 
sampling  instant  then  the  fault  is 
considered  detectable.  Otherwise,  it  is 
assumed  undetectable. 

The  number  of  instances  (i.e  samples)  at 
which  the  CUT  response  falls  outside  the 
tolerance  envelope  are  then  counted,  and 
the  percentage  of  deviation  from  the  ideal 
response  is  accumulated.  A  parameter 
called  the  Coefficient  of  Variation  (CV)  is 
calculated  for  each  fault  that  was  detected 
at  least  at  one  instant.  The  objective  of 
calculating  CV  is  to  determine  which  type 
of  measurement,  voltage  or  current, 
detects  a  particular  fault  with  higher 
degree  of  confidence.  The  higher  the 
difference  between  the  fault-free  response 
and  CUT  response  the  higher  the 
confidence  in  the  measurement.  CV  is 
then  normalised  to  make  it  easier  to 
compare  the  results  of  the  two  sets  of 
measurements. 

The  time-domain  testing  technique  and  the 
fault  detection  process  outlined  above, 
were  applied  to  the  BiCMOS  low-pass 
filter  circuit  shown  in  Fig.2.  A  total  of  70 
single  fault  conditions  were  introduced  to 
the  network.  Of  these  faults  60  were 
catastrophic  faults  in  the  MOS  op-amps, 
and  10  soft  faults  in  the  resistive  and 
capacitive  components.  The  soft  faults 
ranged  in  variations  between  ±25%  and 
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±50%  of  a  component  fault-free  value. 


When  comparing  the  CUT  responses 
monitored  at  Vout  and  iDDT  with  the 
respective  fault-free  toleranced  responses, 
the  results  indicate  that  a  fault-coverage  of 
100%  was  achieved  by  each  measurement. 
However,  computation  of  the  normalised 
CVs  for  Vout  and  iDDX  showed  that  50 
faults  are  best  detected  by  Vout  while  the 
other  20  faults  are  best  detected  by  iDDT. 
The  results  are  summarized  in  Fig.  3. 
Note  that  due  to  the  scaling  factor  some 
faults  appear  as  if  they  were  not  detected. 


5.  Conclusion 

The  results  presented  above  show  that  the 
time-domain  testing  technique  is  an 
effective  method  for  the  detection  of  faults 
in  analogue  circuits.  The  use  of  the  PRBS 
as  a  test  vector  resulted  in  a  high  fault- 
coverage.  However,  the  PRBS 
performance  will  need  to  be  compared 
with  other  forms  of  test  vectors.  This  will 
be  the  subject  of  future  work.  The  paper 
also  showed  the  need  for  a  simple  yet 
effective  fault-model  for  analogue  ICs 

Comparison  of  the  transient  voltage  and 
current  results  indicate  that  the  two 
methods  are  complementary.  Therefore, 
iD0r  monitoring  is  expected  to  play  a  major 
role  in  testing  analogue  ICs  once  the 
technique  is  developed  further.  The  major 
advantage  of  iDDT  monitoring  is  that  it  does 
not  require  access  to  internal  circuit  nodes. 
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Figure  3:  Normalised  CVs  of  low-pass  filter  circuit,  (a)  at  Vout  (b)  at  iDDT 
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ABSTRACT 

The  effects  of  Co’0  7  irradiation  and  Costant  Cur¬ 
rent  Stress  on  MOS  capacitors  with  tunnel  oxide 
have  been  investigated.  Four  different  device  tech¬ 
nologies  have  been  used.  We  have  observed  a  qual¬ 
itative  agreement  between  the  results  obtained  with 
the  two  methods,  indicating  that  also  radiation  test¬ 
ing  can  be  a  valuable  tool  to  investigate  the  quality 
of  thin  tunnel  oxide  layers. 

1.  INTRODUCTION 

The  thin  tunnel  oxide  is  one  of  the  most  important 
technological  steps  of  the  structure  of  the  flash  mem¬ 
ory  cells  [1,  2}.  Testing  of  the  oxide  quality,  in  terms 
of  breakdown  voltage,  trap  and  defect  density,  repre¬ 
sents  one  of  the  key  issues  for  the  assessment  of  the 
production  yield,  device  performance  and  long-term 
reliability.  Different  electrical  testing  methods  have 
been  implemented  and  are  widely  applied  for  these 
purposes  [3,  4]. 

The  operating  conditions  of  a  flash  memory  re¬ 
quire  to  sustain  the  injection  of  large  current  densi¬ 
ties  into  the  tunnel  oxide  by  Fowler-Nordbeim  injec¬ 
tion  of  free  carriers  [5].  The  study  of  the  evolution  of 
the  trapping  mechanisms  active  in  the  dielectric  film 
under  these  conditions  is  then  a  key  issue  for  device 


performance  and  reliability. 

In  this  work,  we  have  compared  for  the  first  time 
results  obtained  on  MOS  capacitors  through  Fowler- 
Nordheim  (F.N.)  stresses  with  data  achieved  through 
exposure  to  7  rays.  Ionizing  radiation  induces  in  fact 
generation  of  hole-electron  pairs  in  the  Si02  film, 
which  can  be  subsequently  trapped.  This  procedure 
has  been  considered  as  an  alternative  technique  to 
F.N.  for  the  analysis  of  trapping  phenomena  in  S1O3. 

Both  F.N.  and  radiation  stresses  have  been  per¬ 
formed  on  four  different  structures  based  on  thin  tun¬ 
nel  oxide. 

2.  TEST  STRUCTURE  DEVICES 

The  devices  used  throughout  this  work  were  fab¬ 
ricated  by  SGS-Thomson  Microelectronics  (Agrate 
Brianza,  Italy)  and  consist  of  MOS  capacitors  on 
(100)  p-Si,  Na  =  7  •  10**  cm"*,  with  area  10"*  cm*. 
The  oxide  has  been  grown  in  dry  Oj  ambient  at  950 
*C,  and  has  passed  a  post-oxidation  annealing  step 
in  Nj  for  30  minutes;  its  thickness  is  125  A. 

Two  different  device  structures  have  been  consid¬ 
ered: 

1.  poly-Si-2  /  ONO  (Oxide-Nitride-Oxide)  /  poly- 
Si— 1  /  tunnel  oxide  /  p-Si;  (ONO-type  devices); 
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Figure  l:  Different  periphery  technology -.  a)  Self- 
Aligned  (SA);  h)  Field  Oxide  (FOX). 

2.  poly-Si-2  /  poly-Si-1  /  tunnel  oxide  /  p-Si; 

(DPCC-type  device*). 

The  devices’  periphery  was  either  Self-Aligned  (SA) 
without  bird’s  beaks,  or  formed  by  a  Field  Oxide 
(FOX),  as  depicted  in  Fig.  1. 

The  capacitors  used  in  our  experimental  works  are 
listed  below: 

-  TA1:  ONO-type  with  FOX  periphery; 

-  TA2:  ONO-type  with  SA  periphery, 

-  TA3:  DPCC-type  with  FOX  periphery; 

-  TA4:  DPCC-type  with  SA  periphery. 

These  devices  are  part  of  test  structures  currently 
used  in  the  reliability  evaluation  of  the  flash  memory 
tunnel  oxides. 

The  ONO  layer,  used  to  isolate  the  floating  gate 
of  the  flash  device,  also  acts  as  a  barrier  against  dif¬ 
fusion  of  process-induced  contaminants  (mainly  F) 
from  WSij  into  the  tunnel  oxide.  Such  impurities 
could  adversely  affect  the  oxide  quality  [6,  7]. 

3.  EXPERIMENTAL  PROCEDURES 

Ten  samples  for  each  technology  have  been  irradiated 
with  Co*®  i  at  CNR-FRAE  up  to  a  cumulative  dose 
of  700  krad(Si).  Devices  have  been  purposely  kept 
unbiased  during  irradiation,  in  order  to  avoid  prob¬ 
lems  due  to  device  microbonding,  which  has  been 
observed  to  induce  some  modifications  of  the  device 
electrical  properties. 

The  electrical  measurements  have  been  completed 
within  few  hours  after  irradiation,  in  order  to  mini¬ 
mise  the  room-temperature  annealing  phenomena  of 


ONO-type  MOS  capacitor  700  krsdfSi)  f  *  100  kHz 


Vq  (V) 


Figure  2:  C-V  curves  at  100  kHz  of  an  ONO-type 
device  before  irradiation  (solid  line)  and  after  Co80  7 
irradiation  at  7 00  krad(Si)  ( dashed  line). 

the  radiation  induced  charge.  Experimental  charac¬ 
terizations  consist  of  C-V  measurements  at  various 
frequencies  in  the  range  1  kHz  4-  800  kHz  [8].  It  was 
not  possible  to  achieve  quasi-static  C-V  curves,  as 
the  devices  could  not  reach  the  thermal  equilibrium 
condition  with  acceptable  sweep  rates  [9]. 

Other  samples  have  been  subjected  to  Constant 
Current  Stress  (CCS)  with  an  injection  current  den¬ 
sity  J  =  10-3  A/cm3.  This  value  has  been  chosen  in 
order  to  simulate  the  operative  stress  conditions  of 
the  tunnel  oxide  in  flash  EEPROM  memories. 

During  the  CCS  tests,  the  voltage  Vfn,  required  to 
mantain  the  constant  injection  throught  the  Fowler- 
Nordheim  tunneling  process,  has  been  carefully  mon¬ 
itored. 

These  stresses  have  been  conducted  up  to  the  in¬ 
jection  level  of  1.5  C/cm3,  which  approximately  cor¬ 
responds  to  the  charge  injection  conditions  of  a  flash 
memory  after  10“  write/erase  cycles. 

4.  RESULTS 

4.i.fiadi«tignl»U 

Gamma  irradiation  of  a  MOS  structure  induces  the 
creation  of  electron/hole  pairs  in  the  SiOj  film. 
Due  to  the  low  mobility,  practically  only  holes  are 
trapped  in  the  oxide,  thus  giving  an  oxide  positive 
charge  (Qair).  Correspondingly,  new  Si/SiO}  inter¬ 
face  states  (Njt)  are  also  created  [10]. 

The  positive  charge  trapped  in  the  oxide  shifts  the 
C-V  curves  towards  negative  voltages,  while  the  in¬ 
terface  states  give  rise  to  a  stretch-out  of  the  char¬ 
acteristics  [10]. 

Assuming  the  approximation  that,  in  a  MOS 
structure,  the  interface  states  in  the  upper  half  of  the 
silicon  band-gap  are  acceptor-like  [11],  while  those 
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Figure  3:  C-V  curves  at  100  kHz  of  a  DPCC-type 
device  before  irradiation  (solid  line)  and  after  Co60  7 
irradiation  at  700  krad(Si)  (dashed  line). 
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Figure  4:  CCS  curve  of  an  ONO-type  device,  nega¬ 
tively  stressed  with  a  0.01  A  /cm'  injection  current 
density;  Vfn  is  the  voltage  applied  between  gate  and 
substrate. 


in  the  lower  half  are  donor-lilte,  when  the  Fermi 
level  at  the  semiconductor  surface  matches  the  in¬ 
trinsic  Fermi  level  (midgap  condition),  all  the  in¬ 
terface  states  are  in  a  neutral  charging  condition. 
Thus  the  measured  shift  of  the  applied  voltage  in 
the  midgap  condition  induced  by  irradiation,  AVmg, 
takes  into  account  only  the  oxide  trapped  charge  {10]: 

ax/  _  AQo  xrXr  ,,, 

AVmg  =  -•  —  —  (1) 

A  OX 

where  xr  is  the  centroid  of  the  corresponding  charge 
distribution  starting  from  the  poly/oxide  interface, 
C,,,  the  oxide  capacitance  and  T0„  the  oxide  thick¬ 
ness. 

Figures  2  and  3  respectively  show  the  shift  of 
ONO-type  and  DPCC-type  C-V  curves  due  to  the 
radiation  stress.  Neither  frequency  dispersion  nor 
hysteresis  phenomena  affect  the  charactersistics  of 
the  irradiated  capacitors.  However,  the  deep  inver¬ 
sion  condition  cannot  be  reached  any  more.  This 
indicates  that  y  radiation  tests  have  produced  only 


Table  I:  Mean  values  (AVmt)  and  corresponding  dis¬ 
persion  <rAV„f  of  the  shift  of  the  midgap  voltage  after 
y  irradiation,  averaged  on  ten  samples,  for  all  stud¬ 
ied  technologies. 


I  ONO 

i  DPCC  | 

FOX 

SA 

FOX 

SA 

<AVmg) 

-0.248 

-0.244 

-0.370 

-0.364 

<rnv_. 

0.0065 

0.0056 

0.0108 

0.0145 

a  small  amount  of  SiO^/Si  interface  states  below 
the  gate.  Minority  carriers  affecting  the  deep  in¬ 
version  condition  can  be  supplied  from  adjacent  re¬ 
gions,  likely  below  the  thick  field  oxide,  where  a  much 
higher  N;t  can  be  expected.  In  fact,  N,t  strongly 
scales  with  the  oxide  thickness  [12]. 

Mean  values  and  data  dispersions  of  AVmg  are  re¬ 
ported  in  Tab.  I:  DPCC-type  devices  show  a  larger 
charge  trapping  than  ONO-type  ones,  while  no  other 
effects  related  with  different  periphery  technologies 
can  be  detected. 

Differences  observed  in  Tab.  I  between  ONO  and 
DPCC  samples  depend  on  the  DPCC  F  contamina¬ 
tions,  which  lead  to  a  higher  level  of  hole  trap  density, 
at  least  nearby  the  Si/SiOj  interface. 

4.2.  Constant  Current  Tests 

The  CCS  can  produce  creation  of  new  Si/Si02  in¬ 
terface  states  and  bulk  electron  traps,  and  mainly 
trapping  of  negative  and  positive  charge  in  the  oxide 
film  [13]. 

Figure  4  shows  a  typical  CCS  curve  on  an  ONO- 
type  device.  Increasing  the  injection  level  (that  is  the 
total  injected  charge  quantity),  a  continuous  build¬ 
up  of  negative  charge  takes  place  in  the  oxide  (Qox), 
and,  correspondingly,  the  Fowler-Nordheim  thresh¬ 
old  voltage  Vfn  shifts  to  more  negative  values.  If 
the  capacitor  is  in  accumulation,  this  quantity  can  be 
related  to  the  stress-induced  oxide  charge  AQox  by 
means  of  the  the  following  relation,  neglecting  any 
possible  contribution  coming  from  interface  states 
[14]: 

av™=^(‘-£)  ® 

where  x  is  the  centroid  of  the  charge  distribution 
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Figure  5:  CCS  curve  of  a  DPCC-type  device,  nega¬ 
tively  stressed  with  a  0.01  A/cni2  injection  current 
density;  Vfn  is  the  voltage  applied  between  gate  and 
substrate. 


ONO  f  =  100  kHz 


Figure  6:  C-V  curves  at  100  kHz  of  an  Off O-type 
device  after  different  injection  levels;  stresses  have 
been  conducted  with  negative  gate  bias. 


calculated  with  respect  to  the  poly/oxide  interface. 
Actually,  at  the  beginning  of  the  stress  the  so-called 
“turn-over”  takes  place:  AVfn  becomes  positive,  in¬ 
dicating  hole  trapping  in  the  oxide  and  after  an  in¬ 
jection  of  1.3  mC/cm!  the  negative  trapping  is  in¬ 
creasingly  dominating.  On  the  other  hand,  the  same 
injection  on  a  DPCC  structure  gives  completely  dif¬ 
ferent  results:  almost  no  turn-around  is  visible  for 
the  enhanced  negative  charge  trapping  in  the  pres¬ 
ence  of  F  contaminate  (Fig.  5) 

In  Tab.  II,  the  mean  AVfn  And  the  corresponding 
dispersion  are  reported,  measured  on  ten  samples  for 
each  technology,  after  a  CCS  up  to  an  injection  level 
of  1.5  C/cmJ.  DPCC-type  structures  show  a  larger 
shift,  indicating  a  higher  negarive  trapped  charge, 
than  ONO  ones. 

While  no  effect  due  to  interface  states  was  ob¬ 
served  after  7  irradiation,  it  can  be  clearly  detected 
by  C-V  measurements  after  CCS  tests.  Figures  6 


Table  II:  Mean  values  (A Vfn)  and  corresponding 
dispersion  tr&v,N  of  the  shift  of  the  F.  ft.  voltage  af¬ 
ter  a  l.S  C/cm 5  CCS,  averaged  on  ten  samples,  for 
all  studied  technologies. 


r-  ONO 

DPCC  | 

FOX 

SA 

FOX 

SA 

(AVfn) 

-0.197 

-0.186 

-0.687 

-0.682 

ffavP1) 

0.0057 

0.0121 

0.0743 

0.0323 

DPCC  f=100  kHz 


Figure  7:  C-V  curves  at  100  kHz  of  a  DPCC-type 
device  after  different  injection  levels;  stresses  have 
been  conducted  with  negative  gate  biasing. 


and  7  show  the  C-V  characteristics  at  100  kHz,  ob¬ 
tained  after  different  injection  levels.  The  curve  shift 
towards  negative  voltages,  apparently  due  to  positive 
oxide  trapped  charge,  is  larger  in  DPCC  capacitors. 
However,  a  hysteresis  of  the  characteristics  appears 
and  increases  with  the  CCS  injection  level. 

C-V  measurements  at  different  frequencies  have 
also  been  made  on  electrically-stressed  devices.  Fig¬ 
ures  8  and  9  show  C-V  curves  obtained  at  1  and 
100  kHz  on  capacitors  which  had  been  previously 
stressed  at  an  injection  level  of  1.5  C/cmJ.  A  big  fre¬ 
quency  dispersion  appears,  which  is  larger  on  DPCC 
devices,  and  also  the  curve  shift  to  negative  voltages 
is  strongly  frequency  dependent.  These  data  indicate 
that  Fowler-Nordheim  stresses  introduce  a  substan¬ 
tial  increase  of  the  interface  state  density,  clearly  con¬ 
trolling  hysteresis  and  frequency  dispersion.  Even 
the  shift  of  the  C-V  curves  should  be  related  not 
only  to  oxide  trapping  of  positive  charge,  but  also  to 
interface  states  which  control  the  results  at  such  a 
high  injection  level. 

Several  7-irradiated  samples  have  been  also  sub¬ 
jected  to  CCS  tests.  We  have  only  observed  a  slight 
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ONO  0,^=  1.5  C/cm* 


Figure  8:  Frequency  dispersion  of  C-V  curves  of  an 
ONO-lype  device  after  a  1.5  C/crr?  negative  injec¬ 
tion;  the  100  kHz  curve  of  the  unstressed  device  is 
also  reported  ( there  was  not  frequency  dispersion  be¬ 
fore  CCS  test.) 
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Figure  9:  Frequency  dispersion  of  C-V  curves  of  a 
DPCC-lype  device  after  a  1.5  C/cm 2  negative  injec¬ 
tion;  the  100  kHz  curve  of  the  unstressed  device  is 
also  reported  (there  was  not  frequency  dispersion  be¬ 
fore  CCS  stress). 

decrease  of  the  |Vfn|  starting  value  of  about  50  mV 
due  to  the  positive  charge  trapped  in  the  oxide.  How¬ 
ever,  AVfn  values  follow  the  same  curves  of  the  unir¬ 
radiated  devices,  suggesting  that  no  new  oxide  elec¬ 
tron  trap  has  been  created  by  the  irradiation. 

5.  DISCUSSION 

AVfn  measurements  have  all  been  performed  with  a 
negative  gate  bias:  they  are  more  sensitive  to  charge 
trapped  in  the  oxide  region  closer  to  the  poly  elec¬ 
trode.  Our  results  reveal  a  trapping  of  negative 
charge  after  CCS  tests,  apart  from  a  short  “turn¬ 
over"  effect  on  ONO  devices.  The  negative  charge 
is  much  larger  on  DPCC  than  on  ONO  devices  for 
a  given  injection  level.  Only  minor  modifications  of 


AVfn  are  observed  on  irradiated  devices. 

C-V  curves  are  more  sensitive  to  oxide  charge 
trapped  near  the  silicon  substrate.  DPCC  samples 
show  a  larger  Qox  then  ONO  ones  after  both  irra¬ 
diation  and  CCS  tests,  at  least  at  moderate  injec- 
Wels,  as  at  high  injection  levels  (>  1  C/cm2), 
V  curves  show  dramatic  deformations.  This 
means  that  both  radiation  and  CCS  tests  can  supply 
valuable  informations  about  the  trapping  character¬ 
istics  of  injected  holes  for  a  given  oxide  technology. 
Incidentally,  the  oxide  with  more  effective  hole  trap¬ 
ping  at  the  Si/SiOj  interface,  i.e.  the  DPCC  one, 
is  also  the  most  effective  in  electron  trapping  at  the 
poly/SiOj  interface. 

6.  CONCLUSIONS 

We  have  compared  for  the  first  time  two  methods  to 
study  charge  trapping  in  very  thin  tunnel  oxides:  7 
irradiation  and  Constant  Current  Stress. 

Both  of  them  can  lead  to  hole  trapping  at  the 
Si/SiOj  interface,  even  though  CCS  induces  also  a 
high  density  of  interface  states,  as  demonstrated  by 
C-V  measurements. 

Devices  fabricated  with  different  technologies  have 
been  tested,  and  results  obtained  with  the  two  meth¬ 
ods  are  in  agreement:  DPCC-type  capacitors  have  a 
higher  density  of  hole  traps  than  ONO  ones,  likely 
due  to  F  contaminations  in  the  oxide,  without  any 
effects  related  to  the  technology  of  the  periphery. 

CCS  stress  can  also  supply  valuable  informations 
on  electron  traps,  which  cannot  be  studied  by  using 
7  radiation  tests. 

The  investigation  method  based  on  y  irradiation 
can  be  improved  in  order  to  achieve  a  better  knowl¬ 
edge  of  oxide  hole  traps,  for  instance  by  irradiating 
devices  under  bias,  by  annealing  studies  or  quasi¬ 
static  C-V  measurements. 

It  is  worth  to  remark  that  no  traps  have  been  in¬ 
troduced  into  the  oxide  film  at  the  radiation  levels 
used  in  this  work,  indicating  that  no  noticeable  per¬ 
turbation  of  the  oxide  structure  is  introduced. 
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1.  ABSTRACT 

Parameters  and  their  dependence  on  the  stress  condi¬ 
tions  are  discussed  using  a  three-dimensional  model, 
including  all  possible  degrees  of  freedom.  The  results, 
applied  to  breakdown  data  for  10  nm  oxide,  reveal  the 
upper  limits  for  stress  conditions.  A  physical 
explanation  for  the  upper  voltage  limit  is  presented. 
Furthermore,  the  thermal  activation  energy  and  the 
slope  of  lifetime  distributions  (e.g.,  the  shape  factor  (5 
of  the  Weibull  distribution)  are  investigated  as 
functions  of  electric  Field  and  temperature.  The  results 
are  compared  to  available  literature  data. 


2.  INTRODUCTION 

Projection  of  dielectric  reliability  to  field  conditions  is 
one  of  the  key  issues  during  MOS-IC  technology 
development  For  dielectric  reliability  projection,  the 
1/E  model  (Ref.  1)  is  mostly  used  for  field  acceleration 
and  the  Arrhenius  model  for  thermal  acceleration.  The 
1/E  model  correlates  the  breakdown  time  to  the  Fowler- 
Nordhcim  tunneling  current  Both  the  1/E  model  and 
Arrhenius  model  achieve  satisfactory  results  if  failure 
times  of  an  individual  failure  percentage  (e.g.  lj0)  are 
analyzed.  Furthermore,  it  has  been  reported  that  the 
acceleration  parameters  of  the  1/E  model  are 
temperature-dependent  (Ref.  2)  and  the  activation 
energy  changes  with  electric  field  (Ref.  2-4).  However, 
the  behavior  at  different  failure  percentages,  i.e.,  the 
behavior  of  the  entire  lifetime  distribution  which  is 
reflected  by  the  slope  of  the  distribution,  is  seldom 
considered.  Data  suggesting  that  the  slope  changes  with 
field  and  temperature  are  available  for  extrinsic  (Ref.  3, 
4)  as  well  as  for  intrinsic  distributions  (Ref  5).  A 
relationship  has  been  derived,  based  on  the  1/E-modeI, 
which  describes  the  dependence  of  the  slope  of  the 
distributions  on  the  electric  field  (Ref  6). 

This  paper  discusses  the  temperature-field  dependence 
of  the  oxide  breakdown.  It  highlights  the  importance  of 
considering  the  behavior  of  the  slope  of  lifetime 
distributions  as  a  function  of  both  field  and 
temperature.  The  results  are  used  to  analyze 
breakdown  data.  The  upper  stress-condition  limits  for 
the  applicability  are  revealed  for  both  field  and 
temperature.  An  explanation  of  the  upper  limit  for 


accelerated  field  stress  is  presented  and  supported  by 
data.  Furthermore  the  dependence  of  the  thermal 
activation  energy  is  investigated,  resulting  in  a  new 
aspect. 


3.  THEORETICAL  CONSIDERATIONS 

The  relation  between  breakdown  times  at  different 
electric  fields  according  to  the  1/E  model  is  given  by: 

t,  =  C(t./C)(E*/E0  (1) 

where  l,  represents  the  breakdown  time  of  interest  at  the 
field  Ejt  and  l,  represents  the  breakdown  lime  measured 
at  accelerated  field  E,.  C  is  a  time  constant  for  a  given 
temperature  and  failure  percentage. 

3.1  Eraietiions  with  dependent  parameters 

Usually  the  breakdown  times  at  one  percentage,  e.g., 
50%  or  63.2%  for  log  normal  or  Weibull,  respectively, 
are  used  to  derive  the  acceleration  parameters.  The 
combination  of  the  1/E-  and  the  Arrhenius  plot  results 
in  a  three-dimensional  diagram  (Fig.  1).  Figure  1 
illustrates  two  ways  to  project  from  highly  accelerated 
conditions  to  operation  conditions  . 


Fig.  1:  Schematic  dependence  of  lime  to  breakdown  on 
field  and  temperature  at  one  failure  percentage. 
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On  path  1  the  field  is  extrapolated  first,  succeeded  by 
the  temperature  extrapolation  for  which  it  is  required  to 
know  the  dependence  of  the  thermal  activation  energy 
on  the  electric  field.  This  path  is  described  by: 

tj  =  C  (t,  /  C)^  /  Ei> .  exp  |  AH(E.) 

•<1/Tr  l/T,)/k)  (2) 

where  k  is  the  Boltzmann's  constant,  T,  and  T,  are  the 
temperatures  and  AH(Ea)  is  the  field-dependent 
activation  energy  at  field  Ea.  The  second  path  first 
extrapolates  to  the  new  temperature  and  then  to  the 
field  of  interest: 

t,  =  C(Tj)  (ta  •  exp[AH  /  k  •  (1  /  Tr  l  /  T,)l 

/C(Ti)|(&/B)  (3) 

with  the  temperature  dependent  parameter  C(T;)  at  the 
temperature  T,.  From  Fig.  1.  it  can  be  concluded  that  C, 
which  is  the  time  at  1/E=0,  also  has  a  thermal  activation 
energy  that  follows  the  Arrhenius  model  as  proposed  in 
Ref.  2: 

C(T1)  =  C(T,).cxp(AHc.(l/T1-  i/T,)/k)  (4) 

Because  C  decreases  with  temperature,  a  negative 
activation  energy  AHC  is  determined.  From  equations  2 
and  3,  the  function  for  the  field-dependent  thermal 
activation  energy  can  be  derived: 

AH(Ej)  =  AH(E.)  •  E./E;  +  AKc  •  <  i  -  E,  /  E,)  (5) 

This  equation  yields  the  same  form  as  the  expression 
given  in  Ret  2  but  does  i.ot  contain  the  parameter  G, 
which  is  constant  as  long  as  the  same  failure  percentage 
is  considered. 

The  plane  (for  each  failure  percentage)  in  the  l^fE,  T) 
diagram  (Fig.  I)  can  be  described  using  equations  1-3. 
In  most  cases  it  is  necessary  to  extrapolate  io  low 
percentages,  i.e.,  to  a  lower  plane.  The  planes  of  the 
t^fE,  T)  diagram  are  not  necessarily  parallel,  e.g.  as  a 
consequence  of  the  1/E  dependence.  Furthermore,  data 
are  available  which  suggest  that  the  slope  of  breakdown 
distributions  can  deviate  from  the  behavior  predicted  by 
the  1/E  and  Arrhenius  models.  Therefore,  the  slope  is 
an  additional  parameter  which  requires  consideration 
tor  lifetime  projections. 

3.2  Modelling  the  slope  of  breakdown  distributions 

It  has  been  shown  (Ref.  6)  that  the  degradation  behavior 
could  change  with  failure  percentage  F;  i.e.,  C  is  not  a 
constant  for  all  percentages  of  one  distribution,  and  is 
rather  substituted  by  C(F).  If  C  is  known  for  one 
percentage  (e.g.,  at  50%  or  63.2%  for  log  normal  or 


Weibull.  respectively),  C(F)  can  be  expressed  in  a 
linear  system  by: 

C(F)  =  C  •  exp(y  •  Kg,)  (6) 

where  y  is  the  value  on  the  linear  y-axis  of  the 
probability  net  and  Kg,  is  a  parameter  to  account  for  the 
deviation  of  the  slope  from  the  one  predicted  by  the 
1/E-model  with  C(F)=const..  KEi  can  be  determined 
from  at  least  two  distributions  at  different  fields  at  the 
same  temperature: 

K&  =  (1/s,  -  E ,/  (E,  •  s,))  /  (1-  E,/  E,)  (7) 

where  s, ,  s,  are  the  slopes  of  the  two  distributions  at  the 
corresponding  fields  E,,  E,.  Kg,  is  independent  of  the 
acceleration  but  associated  with  the  reference  field  E, 
and  slope  s,.  The  slope  s,  at  the  field  of  interest  E,  can 
be  calculated  by: 

s,  =  (E,/  (E,  •  s,)  +  Kg,  •  (1-  E,/  E,))'1  (8) 

The  effect  of  the  temperature  on  the  slope  can  be 
treated  analogously.  Applying  the  Arrhenius  model  to 
each  percentage  of  a  distribution  results  in  parallel- 
shifted  distributions.  If  data  show  a  change  of  the  slope 
with  temperature,  this  could  be  interpreted  as  a  (slight) 
change  of  the  activation  energy  along  the  distribution. 
To  account  for  this  change  of  the  activation  energy  AH, 
the  percentage-dependent  term  y  •  KT  is  added  to  the 
Arihenins  equation: 

t2  =  l,  -  exp((AH  +  y  •  KT)  •  (1  /  T2  -  I  /  T,)  /  k)  (9) 

where  y  is  the  value  on  the  linear  y-axis  of  the 
probability  net  and  KT  is  a  parameter  to  account  for  the 
deviation  of  the  slope  from  a  parallel  line.  KT  can  be 
determined  from  at  least  two  distributions  at  different 
temperatures  at  the  same  electric  field: 

Kt=(1/s2-  l/s,)/((l  /T2- 1  /T,)/k)  (10) 

where  S|,  s2  are  the  slopes  of  the  two  distributions  at  the 
corresponding  temperatures  T,,  T2.  KT  is  independent 
of  the  acceleration.  The  slope  s,  at  the  temperature  of 
interest  T,  can  be  calculated  from  the  slope  s  at 
temperature  T  by: 

Sj  =  (l/s  +  KT»(l/Tj-l/T)/k)''  (11) 

For  Kg=0,  the  distributions  are  parallel,  s  in  equation  1 1 
could  be  substituted  for  the  s,  of  equation  9,  with  the 
new  equation  describing  the  combined  effect  of 
temperature  and  field  acceleration  on  the  slope.  Our 
treatment  did  not  include  a  possible  dependence  of  Kg, 
on  the  temperature  and  KT  on  the  electric  field.  The 
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number  of  parameters  to  be  determined  for  an  accurate 
projection  with  the  highest  degree  of  freedom  is  already 
large.  A  smart  selection  of  the  projection  path  and 
starting  point  can  reduce  the  number  of  parameters 
without  affecting  the  accuracy. 


4.  EXPERIMENTAL 

n*-polysilicon  gate  capacitors  on  n-substrate  were 
fabricated  with  a  standard  MOS  process.  The  oxide 
thickness  was  10  nm  with  an  active  oxide  area  of 
0.002  cm2.  The  capacitors  were  stressed  at  wafer  level, 
with  temperatures  ranging  from  30  to  190°C  and 
constant  electric  fields  from  9  to  13  MV/cm.  Constant 
current  stresses  at  30  and  150°C  at  various  current 
densities  were  also  performed  on  transistors  with 
3.4M0-7  cm2  gate  areas. 


5.  RESULTS 

5.1  Electric  field  dependence 

i^-distribuiions  from  different  electric  fields  arc  shown 
in  Fig.  2.  The  model  parameters  were  determined  by 
multiple  linear  regression,  with  the  regression  equation 
derived  from  equations  1,  6  and  8.  A  low  field  (e.g. 
operation  conditions)  was  used  as  a  reference  field  and 
the  four  parameters  1*32%.  V  C  and  Kg,  were 
calculated  simultaneously  for  Utat  condition  by  the 
multiple  regression  from  all  data  in  the  field  range  of  9 
to  12  MV/cm.  The  parameters  for  the  straight  lines 
were  then  calculated  using  equations  (1)  and  (8).  The 
resulting  values  of  C  and  KEi  are  2*10'10s  and  0.05, 
respectively.  C  is  in  good  agreement  with  the  value 
expected  at  150°C  according  to  Ref.  2.  The  small  value 
of  K&  indicates  almost  no  deriM.it khi  from  the  1/E 


Time  (mc) - ► 

Fig.  2:  t^j -distributions  of  10  nm  Si02  at  different 
fields.  The  straight  lines  represent  results  from 
multiple  linear  regression. 


model.  The  slope  of  these  distributions  is  plotted  versus 
the  electric  field  in  Fig.  3.  Equation  8  is  used  10 
calculate  the  solid  line.  The  slope  increases  with 
increasing  field  as  expected  (Ref.  6).  The  stronger 
increase  of  the  slope  at  fields  above  12  MV/cm  suggests 
a  change  of  the  degradation  mechanism.  This  marks 
one  upper  limit  for  relevant  stress  conditions  because  a 
100-sleep  distribution  would  yield  over-optimistic 
projections.  The  observed  steep  increase  of  the  slope  is 
contrary  to  reported  data  in  Ref.  6-7  where  the  slope 
decreased  at  a  certain  high  field.  Plotting  t^  versus  1/E 
reveals  another  upper  limit. 

Figure  4  shows  the  t^j  from  Fig.  2  with  data  from 
other  works  (Ref.  6,  8,  9).  In  ail  cases,  it  is  more 
appropriate  to  fit  the  data  by  two  straight  lines  rather 
than  by  one,  i.e.  the  parameter  C  decreases  at  high 
fields  and  yields  a  too  optimistic  projection.  This  limit 
for  relevant  stress  fields  depends  on  oxide  thickness  and 


Fig.  3:  Slope  P  of  the  Weibull  distribution  versus  the 
electric  field.  Data  from  Fig.  2  compared  to 
prediction  from  equation  (8). 


Fig- 4:  ty  of  different  oxides  versus  the  inverse  field 
show  a  temperature  and  oxide  thickness 
dependent  transition  from  low-field  to  high- 
field  degradation  behavior. 
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temperature.  It  has  been  reported  that  a  drop  of 
coincides  with  the  field  where  the  transition  occurred 
(Ref.  6).  Therefore,  constant  current  stresses  of  NMOS- 
transistor  gates  with  small  oxide  area  were  performed. 
Fig.  5  shows  the  resulting  t^  plotted  versus  1/E  at  30°C 
and  ISOX.  The  150’C  data  clearly  show  a  transition  at 
a  breakdown  field  of  about  14  MV/cm;  however,  the 
transitions  is  not  as  clear  for  the  30°C  case  and  may  be 
easily  overlooked.  This  demonstrates  the  temperature 
dependence  of  the  transition.  According  to  a  physical 
model  (Ref.  10),  the  observed  transition  occurs  when 
the  dominant  degradation  mechanism  changes  from  trap 
creation  at  low  fields  to  band-gap  ionization  due  to 
carriers  with  energies  exceeding  9  eV  with  respect  to 
the  bottom  of  the  oxide  conduction  band  (Ref.  10). 
Curves  resulting  from  this  physical  model  are  shown  for 
the  30°C  data  in  Fig.  5  and  demonstrate  good 
agreement.  As  long  as  there  is  no  way  to  separate  the 
two  mechanisms,  product-relevant  projections  should 
be  based  only  on  data  in  the  Held  range  below  the 
transition  point. 


Fig.  5:  t^-values  from  two  temperatures  plotted  versus 
the  inverse  electric  field.  A  physical  model  fits 
the  30°C  data  well.  The  150°C  data  clearly 
show  the  upper  stress  limit. 


lower  and  higher  temperature  range  are  plotted  versus 
the  electric  field  in  Fig.  7.  For  comparison,  data  (Ref.  3- 
4,  8,  13)  representing  different  oxide  thicknesses  as 
well  as  intrinsic  and  extrinsic  breakdown,  are  also 
shown.  The  activation  energies  determined  in  this  work 
in  the  higher  temperature  range  join  well  the  data  from 
intrinsic  breakdown  at  high  temperatures  (12S-400°Q 
of  15  run  oxide  with  a  comparable  oxide  area  (Ref.  8). 
The  activation  energies  determined  in  this  work  in  the 
lower  temperature  range  rather  follow  the  data 
extracted  from  Ref.  13.  The  different  field  dependen¬ 
cies  of  both  temperature  ranges  restrict  the 
determination  of  the  thermal  acceleration  parameters  to 
a  range  which  includes  the  operation  temperature.  If 
data  of  the  higher  temperature  range  are  included  into 
the  calculation  of  the  activation  energy,  over-optimistic 
projections  wilt  result. 

It's  interesting  to  note  that  the  activation  energies 
reported  for  extrinsic  breakdown  (Ref.  3-4)  have  a 
significantly  stronger  dependence  on  the  electric  field 
than  data  from  intrinsic  breakdown.  A  communality  of 
the  activation  energies  given  for  a  wide  range  of 
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Fig.  6:  The  Arrhenius  plot  of  t^-data  shows  an 
activation  energy  dependence  on  the  electric 
field  and  the  temperature  range. 


5.2  Temperature  dependence 

Fig.  6  shows  143  2%  from  different  temperatures  and 
stress  fields  in  an  Arrhenius  plot.  Two  straight  lines  are 
required  to  fit  die  data  of  each  field,  which  indicates  a 
change  of  the  activation  energy.  The  transition  occurs  at 
around  90°C  at  high  fields  and  shifts  to  higher 
temperatures  as  the  field  decreases.  These  results  for 
the  first  time  show  a  field  dependency  of  the  transition 
point  for  the  activation  energy.  Data  reported  so  far 
indicated  changes  of  the  activation  energy  at  about 
130°C  (Ref.  11)  or  at  150°C  (Ref.  2,  12).  In  addition. 
Fig.  6  shows  that  the  slope  of  the  fitted  lines  increases 
with  decreasing  field  in  both  the  lower  and  the  higher 
temperature  range.  This  reflects  the  field  dependence  of 
the  activation  energy  previously  reported  (Ref.  2-4, 8). 
The  activation  energies  determined  from  Fig.  6  for  the 


Fig.  7:  Activation  energy  as  a  function  of  electric  field. 
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elec  me  fields  is  that  a  linear  dependence  is  shown  on 
the  field  rather  than  a  dependence  on  the  inverse  field. 
Especially  if  the  extrapolation  over  a  wide  field  range  is 
required,  this  could  result  in  significantly  different 
activation  energies  (compare  in  Fig.  7  dashed  line  to 
dotted  line  from  equation  5).  Consequently  the  more 
conservative  approach  of  using  equation  2  with  a  linear 
dependency  of  the  activation  energy  on  the  electric 
field  may  be  preferred  rather  than  applying  equation  3. 
The  slope  p,  as  determined  from  the  individual 
distributions  at  one  electric  field,  is  plotted  versus  the 
temperature  in  Fig.  8.  No  change  in  slope  is  observed 
up  to  130°C  (solid  line),  which  means  the  oxide 
behaves  like  that  expected  from  the  Arrhenius  model 
(Kt=0).  But  an  increase  of  the  slope  is  observed  at 
higher  temperatures;  therefore,  the  upper  limit  set  by 
the  activation  energy  determination  is  confirmed  by  the 
slope’s  behavior.  No  variation  of  the  slope  with  electric 
field  was  observed  in  Ref.  8;  however,  defect-related 
breakdown  showed  a  change  of  the  slope  with 
temperature  (Ref.  34). 
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Fig.  8:  Slope  B  of  the  Wcibull  distribution  versus 
temperature.  The  slope  changes  significantly  at 
high  temperatures. 

5.  DISCUSSION 

The  presented  results  revealed  an  upper  limit  for  each 
parameter  required  for  the  projection  of  accelerated 
stress  results  to  operation  conditions.  Although  the 
sample  size  for  each  condition  was  relatively  small,  the 
variation  of  the  data  was  smaller  than  the  deviation  at 
certain  high-stress  conditions,  e.g.,  the  variations  of  the 
slope  in  Fig.  3  and  8.  On  the  other  hand,  the  results 
were  in  good  agreement  with  available  literature  data, 
so  it  is  realistic  to  establish  upper  limits  for  the  stress 
conditions.  The  data  suggest  that  there  is  no  fixed  upper 
limit.  The  limits  change  with  stress  conditions  and  also 
most  likely  depend  on  the  oxide  process.  Therefore,  the 
upper  limits  need  to  be  determined  or  verified  for 
almost  each  projection. 

The  behavior  of  the  slope  of  breakdown  distributions  at 
the  upper  limits  is  not  consistent  Available  data  show 


contradicting  results,  so  that  it  can  only  be  staled  that 
the  slope  shows  a  significant  disturbance  at  high-stress 
conditions  compared  to  low-stress  conditions.  From  the 
presented  results,  it  is  obvious  that  the  slope  is  an 
additional  indicator  that  is  affected  after  changes  at 
other  parameters  (C.  AH)  already  occurred.  Therefore, 
it  is  necessary  to  ensure  that  C  and  AH  are  determined 
in  a  range  that  includes  projection  target  conditions.  U 
is  important  to  avoid  mixing  data  with  data  beyond  this 
range,  to  prevent  over -optimistic  projections. 

For  a  conservative  projection  with  a  minimum  number 
of  measurements  for  model  parameters  and  limits,  one 
should  stress  at  the  target  temperature  or,  if  appropriate, 
at  a  worst-case  temperature  and  deal  only  with  field 
acceleration.  For  consideration  of  different 
temperatures,  e.g.,  for  a  bum-in  simulation,  the 
activation  energy  dependence  on  the  electric  field  is 
preferable,  rather  than  dealing  with  the  temperature 
dependence  of  C.  The  activation  energy  does  not 
always  show  a  field  dependence  (Ref.  8,  11);  but,  if  it 
has  such  a  dependency,  a  linear  dependency  on  the  field 
is  more  consistent  with  available  data  over  a  wide  field 
range  and  leads  to  more  conservative  projections  than 
an  inverse  field  dependence  as  given  in  Ref.  2  or  by 
equation  S. 

The  presented  data  do  not  show  significant  deviations 
of  the  slope  from  the  model  behavior  in  the  relevant 
range.  However,  other  available  data  (Ref.  34,  6-7) 
give  evidence  that  such  a  deviation  can  occur. 
Therefore  we  recommend  that  the  behavior  of  the  slope 
is  checked  before  extrapolations  to  smaller  percentages 
are  performed,  so  that  deviating  behaviors  can  be 
considered  instead  of  forcing  a  certain  behavior  to  the 
data.  The  variations  of  the  breakdown  behavior  reported 
in  the  literature  also  suggest  that  there  be  some 
flexibility  for  relevant  projections  of  dielectric 
breakdown. 

6.  CONCLUSIONS 

The  discussion  of  the  projection  from  accelerated  to 
operation  conditions  identified  two  possible 
extrapolation  paths  which  conserve  all  degrees  of 
freedom.  This  results  in  an  impractically  large  number 
of  parameters  and  their  dependencies  to  be  determined. 
The  data  also  revealed  upper  temperature  and  voltage 
limits  for  all  important  parameters  (field  acceleration 
parameter  C,  activation  energy  AH  and  the  slope  of  the 
breakdown  distributions).  A  physical  model  for  the 
transition  point  of  the  field  acceleration  relates  this 
limit  to  the  change  from  trap  creation  at  low  fields  to 
band-gap  ionization  at  higher  fields;  the  latter 
mechanism  is  not  relevant  at  operation  conditions.  The 
revealed  limits  are  not  fixed  but  depend  on  the  stress 
conditions.  The  limits  and  acceleration  parameters  also 
depend  on  oxide  thickness  and  technology.  Available 
data  suggest  a  wide  variation  of  oxide  breakdown 
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behavior  rather  than  a  unique  behavior.  Therefore,  it  is 
necessary  to  consider  the  behavior  of  the  distribution 
slopes  for  projections  and  to  determine  or  verify  the 
parameters  and  limits  for  each  process. 

The  number  of  measurements  could  be  reduced  if 
measurements  were  performed  at  the  projection  target 
temperature  or,  if  appropriate,  at  worst-case 
temperature;  only  the  field  acceleration  for  one  fixed 
temperature  would  then  need  to  be  determined. 

To  utilize  a  higher  acceleration  than  that  provided 
within  the  upper  limits,  the  results  from  the  dominant 
degradation  mechanisms  at  that  range  would  need  to  be 
transform  to  the  one  dominant  at  operation  conditions. 
Until  this  is  possible,  projections  including  data  from 
beyond  the  upper  limits  will  lead  to  over-optimistic 
results. 
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ABSTRACT 

The  metal-seiniconductor  contacts  are  essential 
budding  blocks  of  any  semiconductor  devices.  This 
work  describes  a  method  that  is  applicable  to  evaluate 
the  noise  spectra  of  ohmic  contacts  applying  the  widely 
used  TLM  (Transmission  Line  Model)  test  pattern.  The 
results  of  the  noise  measurement  ate  compared  with 
results  of  the  contact  parameter  measurement.  The 
comparison  shows  that  the  contact  noise  has  an  Iff 
component  exceeding  the  thermal  noise  attributed  to 
the  contact  resistance  (Rc). 

1.  INTRODUCTION 

The  metal-semiconductor  contacts  arc  important 
part  of  semiconductor  devices.  Although  a  tot  of  effort 
was  devoted  to  study  the  physics  and  the  technology  of 
metal- semiconductor  junction,  there  are  certain  open 
questions  of  this  field.  One  of  these  questions  is  the 
relation  between  the  obtainable  noise  spectra  and  the 
state  of  degradation  of  the  ohmic  contacts.  To  study  of 
this  question  an  accurate  method  is  required  to  separate 
the  noise  spectra  of  the  ohmic  contact  from  the  noise 
generated  in  other  parts  of  the  device  or  the  test 
pattern. 

Several  device  models  are  widely  used.  These 
models  generally  do  not  cate  about  the  location  of  noise 
sources.  Localisation  of  the  noise  source  can  be  carried 
out  by  measuring  the  bias  or  temperature  dependence  of 
the  noise.  In  contrast  to  that  in  the  present  we  propose  a 
new  method  based  on  comparison  of  noise  spectra 
measured  on  different  points  of  a  TLM  (see  Ref.  1) 
which  is  in  this  respect  a  multi-contact  test  pattern. 
According  to  our  new  method  proposed,  the  noise  data 
measured  on  different  parts  of  the  TLM  pattern  will  be 
evaluated  by  a  subsequent  numerical  calculation,  that  is 
capable  to  separate  the  noise  of  the  ohmic  contact  from 
the  complete  noise  of  the  test  pattern. 

2.  THE  NEW  CONTACT  NOISE  SEPARATION 
METHOD 

IXning  the  measurement  iff  the  contact  noise  a 
low  noise  voltage  source  (as  alkaline  dry  batteries)  and 
a  low  noise  preamplifier  (fabricated  by  Ambrizy  as 
descifted  in  Ref.  2)  were  applied.  The  Boise  spectrum 
was  measured  in  frequency  range  of  1.6  Hz ...  20  kHz 
with  real-time  digital  frequency  analyzer  type  Brad  ft 
Kjscr  2131  controlled  by  PC  48ffs. 


The  theoretical  background  of  our  new  method 
is  based  on  the  next  reasoning.  In  a  device  several  noise 
voltages  are  combined.  Measuring  the  noise  of  the 
device  we  can  measure  the  combination  of  these  noise 
voltages.  For  the  measuring  of  this  voltage  a  simple  test 
lay-out  can  be  used,  which  is  a  plain  homogeneous 
resistive  layer  on  the  semiconductor  wafer  with  two 
ohmic  contacts.  Connecting  of  this  device  into  the 
measuring  circuit,  the  contacts  are  flowed  through  with 
current  Comparing  to  the  IEC  recommendation 
(Ref.  3),  in  the  frame  of  this  work  a  new  modified 
measurement  philosophy  was  used,  where  in  the  device 
under  test  (DUD  the  driving  and  measuring  points  are 
separated. 


R. 


Fig.  1:  Proposed  measurement  setup 

Considering  a  cuneniless  probe  taken  into  the  circuit 
we  shared  the  resistance  of  DUT  described  above. 
(See  Fig.  1.)  The  biasing  DC  current  is  flowing  through 
the  test  pattern  from  the  extreme  contact  to  the  other 
extreme  contact  The  noise  signal  is  measured  between 
the  first  (extreme)  contact  and  the  currentless  probe. 
According  to  the  placement  of  this  probe  the  obtained 
noise  signals  are  different  Assuming  the  noise  of  the 
auxiliary  parts  of  the  measuring  circuit  to  zero,  the 
measured  noise  origins  from  the  two  contacts  and  the 
resistive  layer  is  as  follows  in  (Eq.  1): 

where: 

R,  is  the  separator  serial  resistance  in  the  circuit  R*  is 
the  resistance  of  the  resistive  layer,  R,  is  the  resistance 
of  the  part  of  the  resistive  layer  between  A  and  B 
points,  R,,  is  the  resistance  of  the  other  part  of  the 
resistive  layer  (between  B  and  C  points),  U*  is  the 
noise  power  of  the  contact  flowed  through  by  current, 
uj,  is  the  noise  power  of  the  unit  resistance  of  the 
resistive  layer. 

Curves  calculated  in  the  function  of  the  ratio  R,®,  are 
shown  in  Figs.  2  and  3.  The  parameter  of  the  curves  is 


Ratio  of  R  /R 

a  « 


Fig.  2:  resistor  noise 
parameter  is  the  resistor  noise  level:  U*0, 
index  step  is  1  pV2 
contact  noise  U*“0 
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Ratio  of  R  /R  ;  X 

•  i 

Fig.  3:  contact  noise 
parameter  Is  the  contact  noise  level  U* 
index  step  Is  ISO  pift/kQ 
resistor  noise  U^-0 

Using  this  equation  the  contact  noise  (u*)  and  the 
noise  of  a  unit  resistance  (uj,)  can  be  calculated  by 
curve-fitting.  This  formula  is  very  simply,  it  does  not 
take  any  consideration  for  non-ideal  properties  of  the 
test  pattern. 


Fig.  4 

Cross-section  of  TIM  probe 

In  this  case  the  biasing  DC  current  is  flowing 
through  the  TLM  pattern  from  the  extreme  contact  to 
the  other  extreme  contact.  The  noise  signal  is  measured 
between  the  first  (extreme)  and  an  other  contact  Fig.  5 
shows  the  equivalent  circuit  of  the  noise  measurement 
on  the  TLM  pattern. 


»c(<«2)  R„  RcMO)  n/dU)  »„  ncw 


Fig.  5 

The  equivalent  circuit  of the  TLM  pattern 

As  Figs.  4  and  3  show,  there  are  two  different 
type  of  contacts:  extreme  and  internal.  In  practice  the 
internal  contact  cannot  be  carrcntless.  When  a  metal 
overlayer  is  deposited  onto  the  semiconductor  surface 
the  current  flowing  through  the  semiconductor  resistive 
layer  it  goes  in  and  out  the  metal.  The  internal  contact 
can  be  understood  as  two  serial  contact  with  half  of 
contact  length.  Contact  resistances  can  be  evaluated 
(Ret  4). 

In  this  point  of  view  the  equation  for  the  given 
noise  to  the  outlet  is  modified.  Assume  that  R,  is  the 
resistance  between  contact  No.  0  and  i,  R,  is  the 
resistance  from  the  beginning  to  the  end  of  TLM 
structure,  ud  is  the  noise  voltage  of  each  extreme 
contact,  uc]  is  the  noise  voltage  of  each  internal 
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contact,  urt  is  the  noise  voltage  of  a  unit  resistance  of 
the  resistive  layer.  The  n  is  the  number  of  internal 

Rfc  -  Rj-R,,  and  R,  is  the  serial  separator  resistance  in 
the  "pairing  circuit  In  the  case  of  this  model  the 
following  noise  power  can  be  measured: 

Noise  power  originated  from  contacts  is:  (See  Eq.  2) 
Noise  power  originated  from  resistive  layer  is  (since  the 
noise  of  R,  resistance  is  R.uJj):  (See  Eq.  3) 

Noise  powers  denoted  by  S„  and  %  are  added  to  the 
output 

4.  SAMPLE  PREPARATION 

The  applied  test  pattern  chip  is  described  in 
(Ref.  3).  S  doped,  n-type  GaAs  epitaxial  layer  grown  by 
Effer-Nozaki  type  VPE  method  was  used  to  prepare  the 
samples.  The  thickness  of  the  active  layer  is  3  pm,  the 
free  carrier  concentration  at  room  temperature  is 
1.5*1015  cm-3  and  drift  mobility  of  the  active  layer  is 
10000  cmWs  at  the  same  temperature.  The  multilayer 
ohmic  contact  metallization  contains 
AuGe(eutectic)/Ni/Aii  layers  with  thickness  75  nm, 
12.4  nm  and  20  nm,  respectively.  This  metal 
composition  has  a  rather  low  optimal  heat  treatment 
temperature  (Ref.  6).  The  applied  chemical  surface 
preparation  before  the  evaporation  was  finished  with 
rinsing  in  high  purity  (18  Mftcm)  water  (Ref.  7). 
Finishing  the  test  pattern  with  the  preparation  of  the 
Schottky  gate  of  FATFET  structures,  the  layer 
parameters  were  measured  as  it  was  described  in 
(Ret  3).  The  DC  parameters  of  the  ohmic  contact 
structures  were  obtained  using  the  conventional  TLM 
method  (Ret  1).  In  this  case  the  conventional  TLM 
method  is  applicable  due  to  the  presence  of  very  high 
epitaxial  sheet  resistance  (p^,  -  5  left)  comparing  to  the 
metal  sheet  resistance  (py-  1  ft)  (Ref.  4). 

The  evaluated  specific  contact  resistance  was 
Pc  «  l.SMO^ftcm2.  Although  the  teal  specific  contact 
resistance  is  a  little  bit  lower  as  it  was  proved 
(in  Ref.  4)  the  obtained  value  is  very  high  comparing 
our  previous  results  obtained  during  MESFET-like 
device  preparation  (Ref  7).  However,  in  this  case,  the 
free  carrier  concentration  of  the  applied  epitaxial  layer 
is  lower  with  two  ranges  of  magnitude  than  in  the  case 
of  MESFET  devices.  This  is  why,  the  optimized  contact 
preparation  process  results  so  poor  contact 
(See  Braslau-foeoty  in  Ref.  8.) 

5.  RESULTS  AND  DISCUSSION 

Since  in  our  cases  the  transfer  length  (Ref  4)  is 
1,-6 pm  and  the  contact  length  (see  Fig. 4)  is 
d- 100  pm,  it  can  be  accepted  that  tt,.,  -u^  (See 
Fig.  6.)  Applying  these  assumptions  the  noise  signal  of 
the  contact  can  be  evaluated  knowing  the  noise  signals, 
measured  on  the  different  contact  pairs  as  it  was 
described  above. 


Fig.  7  shows  the  measured  noise  spectrum*  of  a 
TLM  pattern  based  on  GaAs.  Fig.  8  shows  the 
evaluated  noise  spectra  of  the  ohmic  contact  Taking 
into  account  that  Rc  is  300  Q  in  the  investigated  TLM 
pattern,  it  should  be  emphasized,  that  the  noise 
spectrum  of  the  ohmic  contact  has  a  significant  1/f 
component  exceeding  the  thermal  noise  attributed  to 
the  contact  resistance  of  the  investigated  contact 


contact  resistance  ratio 
of  extreme  and  internal 
in  function  of  contact  length 
comparing  to  transfer  length 

6.  SUMMARY 

In  the  frame  of  this  work  a  new  method  was 
introduced  for  measuring  and  evaluation  of  the  noise  of 
metal-semiconductor  contacts  used  in  semiconductor 
devices.  The  measurement  is  based  on  a  multi-contact 
test  pattern  allows  to  measure  the  distribution  of  noise 
in  foe  function  of  the  localization.  A  formula  is 
presented  which  is  capable  to  determine  the  noise 
parameters  by  curve  fitting.  Our  results  show  that  this 
method  is  useful  in  many  cases  we  investigated.  The 
spectrums  of  frequency  distribution  were  found  are 
nearly  Iff. 
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Fig.  7: 

The  noise  spectrum  of  the  TIM  pattern 
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F,g.  8: 

The  separated  noise  spectra  of  the  ohmic  contact 
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9.  EQUATIONS 


+  +  „.rR.(R.  +  R»)‘  +  Rb(R.) 


s  =  u; 


(R.+  R  a) 


(r,  +  r,)! 


s-  •  (tirtf)  [«*?.  -  (2i  -  l)u-]+  (^7^7)  [u*.  +  (I  +  2n  -  2i)uJ,] 
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Abstract :  We  proposed  an  original  method,  based  on  spectral  analysis,  for  fault  diagnosis  on  analog  circuit.  Detection 
and  location  r  t  the  fault  are  possible  by  the  means  of  a  dictionary  in  which  are  stored  harmonic  amplitudes  connected 
with  differe'.t  values  of  each  accused  parameter  of  the  transistors  in  the  circuit  By  interpolation  or  extrapolation,  we 
compute  tie  actual  value  of  parameters. 


1.  COMPILATION  OF  A  FAULT 
DICTIONARY  [1] 

The  dictionary  contains  the  faults,  stimuli  and  responses 
of  each  component 

It  is  necessary  to  define  the  faults  to  be  isolated  in  the 
test  circuit  as  only  those  present  in  the  dictionary  can  be 
identified.  Should  the  dimension  of  the  dictionary  be 
exaggerated  the  methods  of  detection  could  be  affected ; 
however  the  increasing  reliability  of  the  wafers  will 
favour  progressive  size  reduction. 

The  method  used  for  compiling  the  dictionary  depends  on 
the  type  of  analysis  performed  on  the  circuit  under  test : 
DC,  transient,  frequency,  noise. 

All  construction  methods  proceed  in  the  following  way, 
as  an  example  in  DC  analysis  : 

-  description  of  the  test  circuit 

-  selection  of  faults 

-  choice  of  stimuli 

-  stimulation  of  the  circuit 

-  introduction  of  faults 

-  evaluation  of  the  efficiency  of  the  stimuli  to  detect 
faults 

-  compilation  of  the  dictionary 

It  is  necessary  to  select  an  optimum  number  of 
stimuli/responses  [2]  in  order  to  store  the  minimum 
amount  of  data  whilst  maintaining  a  sufficient  degree  of 
detection  and  localisation  of  faults.  This  method  of  fault 
research  is  limited  in  the  case  of  circuits  presenting  rapid 
variations  of  gain  in  accordance  with  the  frequency. 
During  the  test  the  circuit  is  excited  by  the  same  stimuli 
as  those  used  in  the  compilation  of  the  fault  dictionary. 
The  signatures  are  then  compared.  A  criterion  for  the 
isolation  of  faults  is  implanted  in  order  to  detect  in  the 
test  circuit  a  prestocked  fault  or  an  ambiguous  group 
corresponding  to  a  possible  fault  group. 


In  the  field  of  transient  analysis,  circuit  response  is 
examined  by  pseudo-random  excitation  [6]  or  by  a  grade. 
The  number  of  ambiguous  groups  recorded  during  the 
compilation  of  the  fault  dictionary  is  often  quite  high. 

Different  methods  of  frequency  analysis  can  be  envisaged 
using  sinusoidal  excitation  as  a  starling  point.  The  fault 
dictionary  could,  for  example,  be  compiled  in  the 
following  way : 

a-  choice  of  test  frequencies. 

b-  measurements  of  gain  and/or  of  the  phase  at  these 
frequencies  at  different  points  in  the  circuiL 
c-  coding  of  the  error  or  creation  of  a  variation  matrix  of 
the  response  of  the  circuit  at  the  nth  fault  and  the  kth 
frequency  [3]  [4], 

The  number  of  ambiguous  groups  generated  in  this 
operation  is  high  [5], 

It  is  always  necessary  to  select  the  test  nodes.  There 
exists  a  method  which  favours  the  minimisation  of  the 
number  of  nodes  needing  testing  [2]. 


2.  PROPOSED  METHOD  :  SPECTRAL 
ANALYSIS  OF  THE  OUTPUT  OF 
AN  ANALOG  CIRCUIT 

In  order  to  avoid  defining  specific  criteria  for  each  circuit 
we  suggest  a  method  of  fault  research  independent  of  the 
wiring  tested,  not  requiring  intermediate  test  points  and 
easy  to  put  into  practice. 

To  do  this,  a  sinusoidal  or  square  signal  is  applied  to  the 
input  of  the  circuit  and  a  spectral  analysis  of  the 
response  of  the  global  assembly  is  carried  out  when  the 
output  tested  has  reached  its  steady  state.  This  study  can 
be  achieved  out  on  weak  signals  or  on  strong  signals, 
and  at  different  frequencies. 

The  first  approach  to  validate  the  method  consists  in 
carrying  out  FFTs  on  the  following  assembly. 
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Figure  1  :  Circuit  under  test  and  SPICE  Model  of  t2n2222  transistor 


The  spectral  response  of  this  perfectly  balanced  circuit 
is  uneven  (FFT  simulation  with  the  software  package 
HSPICE).  If  a  fault  is  introduced  into  one  of  the 
differential  pair  transistors,  there  follows  a  modification 
of  the  harmonic  response.  The  following  table  gives 
an  example  of  our  technique  when  the  current  gain  bf 
equal  10  (instead  of  1S3  in  the  original  model).  Others 
kinds  of  degradations  have  been  tested  with  the 
following  parameters :  vaf,  re,  rb. 


s2 

Reference 

bf=  10 

Vaf  =10 
(V) 

re=  1 
(«) 

rb  =  120 

(O) 

H0(v) 

7.11 

7.38 

8.46 

7.04 

7.07 

Hl(v) 

689m 

680m 

564m 

675 m 

677 m 

H2(v) 

16u 

848u 

3.6m 

248u 

132u 

H3(v) 

381u 

380u 

677u 

367u 

373u 

H4(v) 

18n 

728n 

3u 

223n 

92u 

H5(v) 

212n 

212n 

30n 

196n 

203n 

If  we  compare  the  results  of  columns  bf  and  Vaf  with 
the  reference  column,  we  can  clearly  distinguish  the 
default  value  (see  table  above). 


3.  VALIDATION  OF  THE  METHOD 
3.1  Sensitivity 

In  order  to  prove  the  sensitivity  of  fault  diagnosis  by 
harmonic  analysis  we  compute  factors  such  as : 

AH,  ,Axj.k  i  £  [0,5] 

Uk  H,-  '  Xj_k  k  €[1,4] 


where:  Hj  *  amplitude  of  the  iemc  harmonic 

xj^fc  =  value  of  the  jeme  parameter  on  the 
kieme  transistor 

So,  for  xi,i  =bf  of  Ti  and  x2,i  =  Vgf  deTi,  we  find 
Siji  ie  3.10"3  for  the  worst  case. 

Simulation  results  show  that  harmonic  and  DC  analysis 
give  the  same  degree  of  sensitivity. 


12  iaalUocaiion 

Different  methods  allow  fault  detection  and  location  [7] 
[8]  [9]  [10]  but  we  operate  on  an  other  way. 
Successively,  one  after  one  and  one  by  time,  all 
parameters  of  the  transistors  of  the  circuit  are  modified 
and  respective  values  Hj,  given  by  HSPICE  simulation, 
are  stored. 

For  a  "one  fault'  circuit,  dictionary  exploitation  permits 
to  find  only  specified  faults. 

If  parameter  value  is  not  present  in  the  dictionary, 
interpolation  or  extrapolation  permits  to  compute  a 
closely  value. 

Least  square  method  gives  this  value  with  a  good 
precision.  It  supplies  also  the  possibility  of  Hj 
identification  with  polynomial  or  exponential 
function. 


4.  CONCLUSION 

This  method,  efficient  for  'one  fault'  circuits,  must  be 
modified  in  the  case  of  multifaults  circuit.  We  are 
currently  working  on  new  developments  to  address  the 
identification  and  location  of  faulty  points. 
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ABSTRACT 

Gate  oxide  shorts  (GOS)  represent  a  reliability 
threat  in  MOS  based  ICs  and  commonly  used  static 
tests  for  such  shorts  are  not  always  effective.  In  this 
paper,  a  GOS  was  intentionally  induced  in  an 
inverter  circuit  resulting  in  an  extra  time  delay 
which  is  passed  on  to  the  output  pin.  Using  a  simple 
model  for  the  defective  oxide  PSPICE  simulations 
were  performed  and  a  good  agreement  was  achieved 
between  the  experimental  and  simulation  results.  As 
a  result,  a  simple  dynamic  test,  measuring  the  signal 
delay  through  the  circuit  also  may  indicate  the 
presence  of  a  GOS. 


1.  INTRODUCTION 

Gate  oxide  shorts  in  MOS  transistor  circuits 
have  long  been  recognised  as  a  serious  reliability 
problem,  especially  for  scaled-down  devices  (Ref.l). 
They  can  be  caused  either  during  manufacturing 
process  or  by  electrostatic  discharge  (ESD)  after 
packaged.  A  large  amount  of  research  has  been 
carried  out,  both  experimentally  and  theoretically. 

GOS  defects  cannot  be  detected  by  electrical  test 
programs  based  on  stuck-at  fault  models  since  the 
circuits  with  GOS  defects  generally  do  not  lose  their 
function.  However,  electrical  parametric  changes  do 
occur  after  GOS  present  in  circuits. 

GOS  fault  can  be  easily  detected  in  CMOS 
circuits  by  measuring  the  static  power  current, 
however,  this  method  does  not  work  in  nMOS 
circuits.  In  this  paper,  a  simple  dynamic  test  is 
proposed  and  its  effectiveness  is  evaluated. 


2.  STATIC  TEST  FOR  GOS 

The  most  obvious  characteristics  for  a  MOS 
transistor  with  GOS  is  that  there  is  gate  current 
when  the  transistor  is  on.  Since  there  is  no  static 
power  dissipation  in  a  GOS- free  CMOS  circuit 


(the  leakage  current  is  in  the  order  of  10"A 
(Ref.2)),  the  presence  of  GOS  gives  rise  to  a 
conductive  path  between  the  power  supplies  as 
shown  in  Fig.l. 


Figure  I:  Schematic  diagram  of  current 

drawn  from  power  supply  for  a 
two-cascaded  CMOS  inverters 
with  GOS  defect  in  one  of  the 
transistors. 

This  current  varies  from  lfr’A  to  10'JA  (Refs.  1,2) 
and  depends  on  the  size  and  the  extent  of  the  oxide 
failure.  Even  the  lightest  GOS  defect  will  increase 
the  static  power  consumption  up  to  2  orders.  Hence, 
static  power  consumption  is  a  very  effective  way  to 
detect  GOS  faults  in  CMOS  inverter  circuits. 

It  would  not  be  so  simple  for  a  very  complicated 
logic  circuits.  However,  it  can  be  solved  by 
measuring  the  power  supply  during  the  logic  test 
procedure. 

However,  problems  arise  for  the  detection  of 
nMOS  circuit  with  GOS  since  there  is  a  static  power 
dissipation  even  for  a  GOS- free  circuit.  In  a  two- 
cascaded  nMOS  inverter  GOS-free  circuit,  for  any 
of  the  static  states,  both  of  the  pull-up  transistors  are 
on  and  one  of  the  pull-down  transistors  is  on.  This 
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determines  the  static  power  current  is  the  ‘on* 
current  of  null -up  transistor.  While  the  presence  of 
GOS  only  adds  a  gate  leakage  current  (in  the  order 
of  pA)  to  the  power  current.  Consequently,  if  any 
of  the  transistors  contain  a  GOS,  no  noticeable 
difference  is  detected. 


3.  DYNAMIC  TEST  FOR  GOS 

3.1  Theory  of  circuit  delay 

In  MOS  circuits,  the  outputs  at  any  internal  node 
connect  to  the  inputs  of  the  next  gate.  The  oxide 
between  gate  and  channel  in  MOS  transistors  forms 
a  capacitor  C,  between  the  gate  and  substrate,  such 
that  the  load  at  the  internal  node  appears  as  C,.  This 
internal  circuit  can  be  modelled  as  a  circuit  shown 
in  Fig.2. 


The  charge  and  discharge  times  t.  and  t<  can  be 
determined  by  equation  (1,2). 


%  -  rj  =  /;■(/„  -  1J*  (1) 


-  VJ  =  /o%  -  Ijdt  (2) 


Normally  the  transistor  current  characteristics 
degrades  upon  creation  of  a  GOS,  and  since  the 
delay  time  of  a  gate  depends  on  both  the  load 


capacitance  and  the  charge  or  discharge  current,  a 
change  in  time  delay  in  expected. 


3.2  Test  samnles 

A  4’  wafer  containing  a  nMOS  inverter  as 
shown  in  Fig.2  on  each  die  was  used  throughout  the 
experiments.  The  wafer  was  held  upon  a  brass 
chuck  by  a  vacuum  pump,  and  four  adjustable 
microprober  were  used  to  access  the  device  bond- 
pads.  The  pull-up  transistor  is  a  depletion-mode 
transistor  with  a  dimension  of  S/7  (pm),  while  the 
pull-down  transistor  is  a  enhancement-mode 
transistor  with  a  dimension  of  15/3.5  (pm). 

3.3  Experimental  procedure  and  results 

3.3.1  Characterisation  of  the  pull-down  transistors 
and  nMOS  inverters 

Measurement  of  the  Io  -  Vc  and 
characteristics  of  the  pull-down  transistors  using  the 
HP4145B  parametric  analyzer:  The  gate  current  is 
only  a  noise  in  the  order  of  nA  magnitude  and  the 
drain  current  characteristics  are  shown  in  Fig. 3. 


0  12  3  4  5 

V(DS)  [V] 

Figure  3:  I  os  *  Vds  characteristics  of  the 

pull-down  transistor. 


Measurement  of  die  DC  transfer  curve  of  the 
inverter:  Both  the  output  voltage  and  the  supply 
current  were  recorded,  and  are  shown  in  Fig.4  and 
Fig.S  (solid  lines). 

Measurement  of  the  transient  characteristics  of 
the  inverter:  A  300KHz  square  waveform  from  a 
TH ANSAR  TG102  pulse  generator  was  applied  to 
the  input  of  the  inverter  and  a  HP54U1D  storage 
oscilloscope  was  configured  to  capture  the  output 
signal.  The  result  is  shown  in  Fig.6  (solid  line). 
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Von*  [V] 


Figure  4:  DC  transfer  curve  of  the  nMOS 

inverter. 


Log  (idd)  [mA] 


Figure  S:  loo  -  vm  characteristics  of  the 

nMOS  inverter. 


Vout  (V) 


Figure  6:  Transient  response  of  the  inverter 

to  a  300 KHz  square  waveform. 

3.3.2  Q*idc  breakdown  of  the  pull-down  transistors 
In  order  to  introduce  the  gate  oxide  short,  a 


constant  voltage  stress  (-44V)  from  the  HP4145B 
parametric  analyzer  was  applied  to  the  gate  pad  of 
the  pull-down  transistor.  The  stress  was  removed 
immediately  after  the  oxide  breakdown. 

3.3.3  Re-characterisation  of  the  null-down 
transistors  and  the  nMOS  inverters 

The  oxide  breakdown  was  confirmed  by  the  gate 
current  characteristics  shown  in  Fig. 7. 


Figure  7:  Iq  -  V0  characteristics  of 

the  pull-down  transistor 
after  the  gate  oxide 
breakdown. 


After  the  measurement  of  gate  current,  all  the  other 
characteristics  of  the  pull-down  transistors  and 
nMOS  inverters  were  re-measured  and  are  shown  in 
Fig.4,  Fig.5  and  Fig.6  with  dashed  lines. 

3.3.4  Experimental  conclusion 

We  still  consider  the  two-cascaded  nMOS 
inverters  circuit:  in  the  case  of  GOS-free  circuit,  the 
static  power  current  is  32.43+4.26  =  36.69  (^A). 
While  with  one  of  the  pull-down  transistor  with 
GOS,  the  static  power  current  is  32.1+5.197  = 
37.297  (jiA).  Thus,  no  conclusion  can  be  made  on 
the  static  current  results.  Although  there  is  a 
noticeable  difference  in  the  output  Tow’  logic  level, 
it  will  be  lost  through  the  next  gate.  However,  from 
the  transient  response  of  the  square  waveform,  the 
difference  in  the  discharge  time  is  clearly  shown  in 
Fig.6,  also  this  will  not  disappear  through  successive 
gates  and  will  ultimately  reach  the  external  output. 


4.  SIMULATION  RESULTS  FROM  PSPICE 
Syrzycki’s  model  (Ref.3)  as  shown  in  Fig.8  for 
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MOSFET  with  GOS  was  used  in  the  simulations. 


Figure  8:  Syrzycki's  model  for  nMOSFET 

with  GOS. 


IDO  (A) 


Figure  10:  I,*  -  Vw  curve  of  the  nMOS 

inverter  from  PSP1CE 
simulation 
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The  parameters  of  the  transistors  and  resistors 
in  Fig.8  were  chosen  to  fit  the  experimental  results 
of  the  gate  current  and  drain  current  characteristics 
of  the  pull-down  transistor  after  the  inducing  of 
GOS  (Fig.5  &  6).  Then  the  simulations  for  the 
inverter  were  performed  based  on  the  same 
parameters.  The  simulation  results  are  shown  in 
Fig.9-1 1  and  in  which  the  solid  lines  represent  the 
case  where  all  transistors  are  good  devices,  while 
the  broken  lines  represent  the  case  where  the  pull¬ 
down  transistor  has  a  GOS-fault. 


Figure  11:  Transient  response  from 

simulation. 
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Figure  9:  DC  transfer  curve  of  the  nMOS 

inverter  from  PSPICE  simulation. 


The  simulation  results  agree  very  well  with  the 
experimental  ones.  This  indicates  that  Syrzycki’s 
model  can  not  only  model  the  DC  effect  of  GOS  in 
circuits,  but  also  the  transient  parametric  drift  of  the 
circuits. 


Figure  12:  Transmission  gate  intensive 

NXOR  logic  gate. 
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Following  (be  successful  results  above, 
simulations  for  a  more  complicated  logic  circuit  as 
shown  in  Fig.  12  were  performed.  The  GOS-fault 
transistor  is  circled  with  broken  line.  The  results  are 
shown  in  Fig.  13  and  Fig.  14  and  the  solid  lines 
represent  GOS-free  circuit  and  broken  lines 
represent  the  circled  transistor  is  with  GOS. 


21-06  *1-06  61-06  62-06  i!  06 


TIME  (sec) 

Figure  13:  Output  waveform  at  node  C  where 

the  logic  output  is  A  XOR  B. 


an  effective  alternative. 
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Figure  14:  Output  wavefotm  at  node  D. 


The  simulation  results  clearly  show  that 
although  the  difference  of  output  Tow’  level  at  node 
C  has  lost  at  node  D,  the  time  delay  passes  the  next 
gate  and  will  reach  the  primary  output  at  last. 


5.  CONCLUSIONS 


Whilst  the  measurement  of  static  current  from 
power  supply  is  a  simple  method  of  testing  MOS 
circuits  for  gate  oxide  shorts,  it  does  not  work  for 
all  cases.  However,  a  GOS  also  introduces  an  extra 
delay  in  signal  transmission  from  input  to  output  and 
consequently  the  delay  test  in  those  cases  could  be 
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1.  ABSTRACT 

One  of  the  most  controversial  techniques 
used  at  present  in  the  field  of  reliability  is  the  use  of 
reliability  prediction  methodologies,  based  on 
component  constant  failure  rate  data  for  the 
estimation  of  system  failure  rates.  This  paper 
investigates  a  new  reliability  estimation  method  that 
does  not  depend  upon  constant  failure  rales. 

A  number  of  boards  were  selected  from  the 
International  Electronics  Reliability  Institute’s  (IERI) 
field  reliability  database,  and  their  reliability  was 
estimated  using  a  failure  intensity  based 
methodology,  and  was  compared  with  the  actual 
failure  intensity  observed  in  the  field. 

The  predicted  failure  intensity  is  seen  to  be 
in  close  agreement  with  the  observed  value  for  the 
majority  of  a  system's  operating  lifetime.  This 
means  that  the  failure  intensity  method  should  be 
investigated  further  to  discover  if  it  can  be  used  to 
estimate  the  reliability  of  a  system  throughout  its 
lifetime.  Hence  this  may  provide  a  more  realistic 
picture  of  the  way  in  which  electronic  systems 
behave  in  the  field. 


2.  INTRODUCTION 

IERI  have  been  collecting  a  large  amount  of 
failure  information  over  many  years  from  leading 
British  and  Danish  electronic  manufacturing 
companies  (Ref.l).  The  data  stored  in  this  database 
is  of  such  high  quality  that  IERI  are  able  to  perform 
reliability  analysis  and  estimate  the  expected  field 
behaviour  and  compare  that  with  the  observed 
performance. 

The  concept  of  electronic  failure  prediction 
methodology  (EFPM)  often  affects  major  decisions 
in  system  design.  EFPM  is  based  on  the  assumption 
that  systems  fail  as  a  result  of  failures  of  component 
parts,  and  those  parts  fail  partly  as  a  result  of 
exposure  to  application  stress  (Ref.2).  This  means 
that  by  some  consideration  of  the  structure  of  such 


a  piece  of  equipment  and  by  further  consideration  of 
its  usage,  it  is  possible  to  obtain  an  estimate  of  the 
systems  reliability  in  that  particular  application. 

There  are  two  traditional  approaches  to 
EFPM  involving  differing  amounts  of  information 
about  the  system.  The  first  is  known  as  parts  count 
analysis  and  requites  comparatively  little 
information.  This  takes  the  parts  list  for  a  particular 
design  and  bases  the  reliability  estimate  on  the 
number  of  components  used  in  it  without  any 
reference  to  operating  conditions  of  these 
components.  This  method  is  generally  used  early  in 
the  design  phase  to  obtain  a  simple  estimate  of  the 
system  reliability.  The  second  method  is  known  as 
parts  stress  analysis  and  involves  knowledge  of  a 
wealth  of  information  about  the  system,  but  is 
assumed  to  provide  a  more  realistic  estimate  of  the 
reliability.  This  second  method  tends  to  be  used 
towards  the  end  of  the  design  cycle  when  actual 
circuit  parameters  have  been  established  (Ref.3). 

Reliability  prediction  methods  are  widely 
accepted  throughout  the  electronics  industry  and  this 
enables  it  to  be  used  as  a  general  yardstick  which 
allows  comparison  between  different  equipments  to 
be  made.  However,  many  manufacturers  have 
commented  that  the  models  can  be  wildly  inaccurate 
when  compared  with  the  performance  in  the  field, 
particularly  in  the  case  of  modern  microelectronic 
devices,  and  their  use  can  lead  to  increased  costs 
and  complexity  (Ref.2). 

Recent  studies  (Ref.4)  have  shown  that  the 
standard  models  for  reliability  prediction  do  not 
perform  well  in  all  circumstances,  and  reliability 
prediction  performed  using  these  models  could  lead 
to  a  misrepresentation  of  an  equipment’s  reliability. 

It  has  been  demonstrated  (Ref.  5)  that  the 
reliability  of  components  is  a  time  dependent 
parameter  and  therefore  traditional  EFPM  is  unable 
to  give  an  accurate  picture  of  a  system’s  reliability 
as  it  is  based  upon  a  constant  failure  rate 
assumption. 
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This  paper  investigate*  an  alternative 
method  of  performing  reliability  assessment  of 
equipments.  The  result  is  estimated  as  a  function  of 
time  based  upon  the  failure  intensities  of  constituent 
components. 


3.  FAILURE  INTENSITY  ANALYSIS 
Failure  intensity  is  defined  in  equation  (1) 


m)  = 


Nbt 


(1) 


5,000 


1000  5000  9000  13000  17000  21000 
Component  operating  time  [hours] 

Figure  2  .Number  of  MOS  digital  ICs  with  between 
1&  and  legates  at  risk  in  the  field. 


where  n  is  the  observed  number  of  failures  in  a 
given  time  period  (At)  and  N  is  the  population  at 
risk  during  this  period.  For  the  purpose  of  this 
investigation  the  At  interval  has  been  chosen  to  be 
1,000  hours. 

To  illustrate  further  the  means  of 
computation  of  the  failure  intensity  Figure  1  and 
Figure  2  show  the  number  of  failures  of  MOS 
digital  integrated  circuits  with  between  103  and  10* 
gates  in  1,000  hour  intervals,  and  the  corresponding 
number  of  components  at  risk  throughout  the  same 
time  intervals  respectively. 


Component  operating  time  [houra] 


Figure  1  .-Number  of  failures  of  MOS  digital  ICs  with 
between  I&  to  10“  gates  versus  time 

The  shape  of  Figure  2  reflects  the  fact  that  as  the 
number  of  systems  going  into  the  field  increases 
with  time,  the  populations  of  the  various  component 
types  is  also  increasing. 

Figure  3  shows  the  failure  intensity  curve 
for  CMOS  digital  devices  with  between  I03  and  I04 
gates  formed  by  using  the  information  shown  in 
Figure  1  and  Figure  2.  The  failure  intensity  is 
shown  as  the  central  solid  line,  and  the  dotted  lines 
above  and  below  are  the  93%  x*  confidence  limits. 
These  limits  are  dependent  on  the  number  of 
observed  failures  and  the  population  at  risk.  Wide 
limits  are  indicative  of  a  lack  of  failure  data.  This 
situation  will  improve  with  time  as  more  data  on  die 


various  component  types  becomes  available.  It 
should  be  noted  that  when  the  failure  intensity  drops 
to  zero  on  the  time  axis,  this  means  no  failures  have 
been  observed  in  that  particular  1,000  hour  period. 
Initially,  the  failure  intensity  value  is  high  but  it 
decreases  to  a  lower  level  over  a  4,000  hour  period. 
The  value  seems  to  oscillate  around  the  5  x  Id7 
failure  intensity  value  thereafter. 
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Component  operating  time  [hours] 

Figure  3  .-Failure  intensity  curve  for  digital  MOS  ICs 
with  between  /O’  and  1&  gates 


The  shape  of  the  graph  may  imply  that  there  are 
early  component  failures  occurring  in  the  field. 
These  early  failures  may  be  due  to  members  of  the 
so  called  ‘weak  population’  that  have  not  been 
removed  by  any  component  or  system  screening 
performed  by  the  component  or  system 
manufacturer. 


4.  RELIABILITY  ESTIMATION 

An  electronic  system  can  be  considered  to 
be  a  network  of  components  all  interconnected  to 
one  another  in  various  complex  ways.  This  real  life 
model  is  unsuitable  for  reliability  analysis  since  it  is 
far  too  complex.  In  order  to  study  the  reliability  of 
systems  a  number  of  assumptions  need  to  be  made. 
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i)  Any  component  failure  causes  a  system  failure. 

This  is  normally  termed  a  series  configuration  (or 
chain  structure).  This  is  the  simples:  of  the  many 
models  available  and  so  is  the  most  widely  used  for 
reliability  modelling  of  systems. 

A  series  configuration  of  n  items  will  have  a 
reliability  function  defined  by  (2) 


ii)  The  components  that  make  up  the  system  must  be 
independent,  this  means  that  a  failure  by  a  single 
component  must  not  affect  other  components  in  the 
system. 


If  the  n  items  x,,x2,  ...  ,x,  are  independent,  then 


-n^ 


(3) 


Assuming  that  no  component  failures  affect  any 
others,  then  the  reliability  of  a  system  can  be 
calculated  by  multiplying  together  the  probability  of 
failure  for  each  component  in  the  system.  However, 
in  a  general  system  this  can  be  difficult  since  each 
component’s  probability  of  failure  could  be  a 
complex  function.  If,  however,  simple  functions  are 
used,  then  it  is  possible  to  proceed  further. 

Hi)  The  component  failure  behaviour  must  be 
governed  by  a  constant-hazard  model 

This  last  assumptions  means  that  if  the  component 
reliability  model  is  exponential  in  form,  as  in 
equation  (4), 


P(t)  =  e'V  <4> 


then  equation  (3)  can  be  rewritten  as  equation  (5) 

«®-E 

i-i  __  (5) 

=t  M 


Equation  (3)  is  the  most  commonly  used  and  the 
most  elementary  system  reliability  formula. 
However,  it  has  the  fundamental  problem  that  it 
assumes  a  constant  failure  rate  throughout  the  life  of 


the  components.  If  the  instantaneous  failure  rate  or 
failure  intensity  at  any  time  is  considered  to  be 
constant  over  a  short  interval.  At,  then  equation  (S) 
can  be  adapted  to  use  failure  intensity  instead  of 
failure  rate  and  hence  the  requirements  for  constant 
failure  rates  can  be  removed. 

Equation  (6)  gives  the  instantaneous  failure  rate  for 
a  system  based  upon  the  failure  intensities  of  the 
constituent  components. 


/(*)= IK' 
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-MO 


( -Evo) 


=e 


(6) 


where  I(t)  is  the  failure  intensity  of  the  system  in  the 
interval  At.and  I,(t)  is  the  failure  intensity  of  the  i’th 
device  that  comprises  the  system  in  the  same 
interval.  It  then  proves  possible  to  calculate  the 
failure  intensity  curve  for  a  system  when  the  failure 
intensities  for  all  the  components  contained  in  that 
system  are  known. 

5.  FAILURE  INTENSITY  PREDICTION 

Two  board  types  were  selected  from  the 
IERI  database  where  their  field  performance  was 
well  known  and  estimation  of  their  behaviour  was 
made  using  equation  (6). 

Figure  4  shows  the  predicted  and  field 
failure  intensity  curves  for  the  first  board  type.  The 
solid  line  is  the  failure  intensity  observed  in  the  field 
and  the  error  bars  give  95%  x2  confidence  limits. 
The  dotted  line  represents  the  failure  intensity 
predicted  for  this  board  type  using  equation  (6). 


I 
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Figure  4:  Predicted  and field failure  intensity  curves 
for  the  first  board  type 


The  figure  shows  that  the  first  board  type 
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experiences  early  life  failures  up  to  11,000  hours 
after  which  its  operation  becomes  failure  free.  The 
predicted  behaviour  of  this  board  type  shows  a 
decreasing  failure  intensity  until  about  10,000  hours, 
after  which  a  failure  free  life  is  predicted  except  for 
an  irregularity  at  17,000  hours.  This  is  due  to  rogue 
failure  occurrences  in  the  raw  data.  These  rogue 
failures  come  from  one  data  source  and  are  not 
representative  of  the  remainder  of  the  stored  data. 
It  is  significant  to  observe  that  the  predicted  line  lies 
within  the  95%  confidence  limits  of  the  field 
behaviour  throughout  the  boards  operating  life  and 
hence  would  provide  a  fairly  good  estimation  of 
board's  behaviour  in  the  field. 

Figure  5  shows  the  predicted  and  field 
failure  intensity  curves  for  the  second  board  type.  In 
this  case  the  field  behaviour  is  more  irregular,  with 
failures  occurring  up  to  20,000  hours.  The  predicted 
line  gives  a  very  good  fit  after  7,000  hours  but 
before  that  it  is  pessimistic,  probably  due  to  early 
life  failures  observed  in  one  or  more  data  sources. 


Figure  5:  Predicted  and  field  failure  intensity  curves 
for  the  second  board  type 


6.  CONCLUSIONS 

The  failure  intensity  methodology  lends 
itself  very  easily  to  system  reliability  prediction.  It 
appears  to  give  a  more  realistic  estimate  of  the 
reliability  of  a  system  throughout  the  operating 
lifetime  of  the  equipment  and  does  not  make 
assumptions,  such  as  constant  failure  rate,  which  can 
be  detrimental  to  the  validity  of  the  estimate. 

The  predictions  seem,  on  present  evidence, 
to  track  the  observed  behaviour  well,  given  the 
uncertainties  that  are  evident  in  the  field.  Fine 
tuning  of  the  source  data  is  however  necessary  to 
smooth  out  irregularities  that  are  due  to  few  sources 
and  are  not  representative  of  the  majority  of  the 
data. 
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Abstract 

Sensors  and  actuators  with  built-in  local  intelligence  are  often  described  as  microsystems.  The  incorporation 
of  processing  electronics  at  the  sensor  and  actuator  level  enables  the  distribution  of  processing  tasks  such  as 
calibration  and  filtering  as  well  as  lest  and  diagnostic  functions  from  upper  system  hierarchies  to  lower 
levels.  This  paper  describes  Built-ln-SelfTest  (BIST)  and  diagnostic  strategies  for  Safety  Critical 
Microsystems.  It  compares  different  approaches  and  shows  the  importance  of  utilising  Reliability  Indicators 
(RIs)  lot  on-chip  monitoring  and  diagnosis.  The  close  relationship  between  Design  for  Testability  (DfT)  for 
post-production  tests  and  the  BIST  strategies  for  on-line  monitoring  is  outlined.  A  multichip  design  strategy 
is  described  for  an  example  microsystem. 


1.  INTRODUCTION 

The  escalating  complexity  of  engineering  systems 
and  reliability  requirements  from  consumers  and 
industry  are  generating  increasing  demands  for 
microsystems  incorporating  diagnostic  and  self¬ 
test  features  especially  for  applications  which  are 
classified  as  safely  critical. 

Microsystems  are  self-contained,  small,  stand¬ 
alone  devices  incorporating  sensorfs)  and/or 
actuatorfs)  plus  electronics  for  signal  conditioning, 
processing,  control  and  communication.  This 
paper  investigates  the  need  to  also  integrate  Built- 
in-Self-Test  (BIST)  into  microsystems. 

The  concept  of  microsystems  is  reviewed  in 
section  2  with  a  smart  sensor  example  and  the 
importance  of  BIST  and  diagnosis  for 
microsystems  is  outlined  in  section  3.  Strategies 
suitable  for  on-chip  diagnosis  and  BIST  are 
discussed  in  section  4.  An  approach  to  the  output 
of  the  diagnostic  information  and  a  microsystem 
design  schematic  explain  how  self-test  can  be 
incorporated  into  microsystems  and  its  diagnostic 
information  further  processed.  Conclusions  and  a 
section  on  future  work  end  the  paper. 

2.  SMART  SENSORS  - 
A  MECHATRONIC  MICROSYSTEM 
A  smart  sensor  comprises  one  (or  more)  sensing 
elements  plus  some  associated  electronics  which 
enables  delegation  of  processing  tasks  from  the 
main  controller  to  the  sensor  level  and  is  used  here 
as  an  example  for  a  complex  single-device 
mechatron ic  microsystem.  Measurement  of  input 
measurands  also  includes  signal  processing  (i.e. 
filtering),  correction  of  offset  drifts  and 
compensation  of  quantity  influences  such  as  cross 
sensitivity  to  temperature.  In  addition,  data 
validation  functions  may  produce  additional 
measurement  information  such  as  the  accuracy  of 


the  measurement  or  the  “heallh”-status  of  the 
device  (Ref.l).  A  flexible  configuration  of  a  smart 
sensor  allows  adaptation  to  different  measurement 
tasks.  A  bi-directional  digital  communication 
interface  allows  the  microsystem  to  communicate 
directly  with  other  systems. 

Single  chip  smart  sensors  are  readily  available 
(Ref.2)  but  technological  problems  such  as  process 
incompatibility  between  the  sensing  element  and 
the  circuit  technology,  low  yield  and  packaging 
problems,  have  so  far  prevented  the  anticipated 
high  volume  breakthrough.  Hybrid  realisations  of 
smart  sensors  (Ref.3)  using  one  or  more  additional 


Table  1 :  Advantages  of  integrated  microsystems 
over  distributed  implementations. 

•  Easier  configuration  of  systems  through 
digital  interface. 

•  Reduced  systems’  installation  effort  through 
distributed  processing  tasks. 

•  Increased  performance  through  built-in 
processing  capabilities. 

•  Increased  application  flexibility  through  on¬ 
line  reconfiguration. 

•  Higher  reliability  and  testability  through 
internal  self-test. 

•  Increased  process  reliability  through  evaluated 
output  information. 

•  Miniaturisation  allows  new  applications, 
integrated  circuits  are  feasible  for  many 
applications  and  an  implementation  is  proposed  in 
section  6. 

Some  important  advantages  of  microsystems  over 
their  non-intelligent  counterparts  are  listed  in 
Table  1  and  explain  their  increasing  demand. 
Microsystems  such  as  smart  sensors  find  their 
applications  within  the  process,  automotive  and 
aerospace  industries  and  in  medical  applications 
(Ref.4).  A  high  volume  break-through  is  expected 
during  the  next  few  years  which  will  reduce  costs 
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dramatically  so  that  microsystems  will  find  their 
way  into  everyday  consumer  applications 
(Refs.5,6). 


3.  BIST  &  DIAGNOSIS  DEMANDS 
FOR  MICROSYSTEMS 


Three  important  reasons  are  identified  which 
necessitate  the  incorporation  of  BIST  and 
diagnosis  into  microsystems. 

3. 1  Increasing  the  system  reliability 

with  BIST 

Applications  and  systems  are  defined  as  safety 
critical  if  malfunction  or  failures  can  result  in  risk 
and  damage  to  humans  or  the  environment. 
Automotive  (Ref.7),  aerospace,  medical  and 
nuclear  energy  applications  are  safety  critical  and 
therefore  need  high  reliability  components, 
systems  and  processes.  It  is  essential  to  ensure  the 
correct  function  of  the  safety  critical  system  during 
normal  operation.  This  means  self-test  and 
diagnosis  (preferably  on-line)  needs  to  be 
performed  on  all  function  blocks,  including  the 
diagnostic  module  itself  (Figure  1).  In  addition, 
further  actions  leading  to  reconfiguration  or  fail¬ 
safe  (graceful  degradation)  modes  may  be  required 
following  fault  detection  and  localisation. 


Analogue 
Signal  Processing 


Digital 
jSignal  Processing! 


N\ _ / 

T«st  &  Diagnosis  .  — 

Figure  1 :  Smart  Sensor  as  an  example  for  a 
microsystem  with  Test  and  Diagnosis  functions. 


There  is  an  increasing  need  within  microsystems 
for  tests  to  measure  ageing  and  degradation  to 
ensure  detection  of  evolving  or  developing  faults. 
Such  early  warning  capabilities  increase  the 
system  reliability  during  its  planned  mission  time 
and  the  systems'  maintenance  intervals.  The  use  of 
Reliability  Indicators  (RIs)  therefore  becomes 
increasingly  important  for  on-chip 
implementation. 

12 _ Increasing  testability  through 

PfT  and  BIST 

The  encapsulation  of  several  microelectronic 
components  plus  sensing  elements  and  actuators 
into  one  device  and  the  use  of  multi-chip  modules 
as  well  as  feature  sizes  in  the  submicron  range 
make  it  virtually  impossible  to  access  embedded 
function  blocks  directly.  Therefore  microsystem 
design  needs  to  focus  on  DfT,  which  includes 
BIST  and  on-chip  R1  teas  to  enable  exhaustive 
post  production  tests.  It  is  not  sufficient  to  test  the 
various  function  modules,  such  as  the  sensing 


element  and  the  microelectronic  components  on 
their  own.  Only  the  successful  interaction  of  all 
function  blocks  will  generate  test  results  of 
acceptable  credibility. 

In  addition,  the  influence  of  packaging  effects  on 
the  microsystem  performance,  i.e.  stress  damage 
due  to  packaging  or  the  effects  of  the  “physical 
window"  between  the  sensing  element  and  the 
octside  world  on  sensor  readings  prevent  a 
meaningful  system  function  evaluation  of 
unpackaged  microsystem  components. 

DfT  and  BIST  are  therefore  essential  fin- 
exhaustive  testing  of  microsystems. 

12 _ Reduced  testing  time  through  BIST 

Testing  time  for  post-production  tests  is  a  major 
issue,  both  technologically  and  financially, 
especially  for  complex  application  specific  mixed 
mode  integrated  circuits.  BIST  and  DfT  features 
may  help  to  reduce  testing  time  drastically.  This 
gives  market  advantages  through  decreased  device 
costs. 

BIST  and  DfT  are  essential  for  competitive,  high 
reliable  microsystems. 

4.  STRATEGIES  FOR  SELF-TEST  AND 
DIAGNOSIS  IN  MICROSYSTEMS 
This  section  describes  different  approaches  to 
BIST  and  diagnosis  in  microsystems  which  are 
considered  to  be  implementabie  on  ASICs  and 
microcontrollers  for  microsystems. 

Figure  2  gives  an  overview  of  different  diagnostic 
approaches  that  have  been  implemented  in 
microsystems  or  are  currently  under  development 
This  table  is  not  complete  and  it  is  assumed  that 
the  number  of  entries  will  increase  during  the  next 
few  years.  Many  testing  methods  used  for  mixed 
signal  integrated  circuits  (ICs)  (Refill)  can  directly 
be  applied  to  mechatronic  microsystems. 

4J _ Reliability  Indicators 

Richardson  (Ref.9)  lists  a  number  of  reliability 
indicator  measurements  including  IDDQ  tests, 
transient  current  tests,  performance  tests,  offset 
drift  measurement,  low  voltage  tests,  noise  tests 
and  phase  jitter  tests.  Not  all  of  these 
measurements  are  applicable  to  on-chip 
diagnostics  because  of  the  limitations  in  terms  of 
chip-area  and  processing  complexity. 

Extensive  research  is  being  carried  out  into  supply 
current  measurement  ( JDDx  testing)  for  digital 
and  mixed-mode  circuits  (Ref.  10)  and  promising 
results  in  the  detection  of  catastrophic  as  well  as 
parametric  faults  have  been  presented.  However, 
the  technique  still  has  problems  when  applied  to 
analogue  circuits  (Refill).  Although  the  QTAG 
initiative  for  off-chip  IDDQffSSQ  monitoring 
(Ref.12)  aims  8t  post-production  tests,  it  may  well 
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be  feasible  id  integrate  these  monitors  into 
(multichip)  microsystems  as  an  (on-line)  BIST 
facility. 

The  frequency  response  and  transient  response  of 
mechatronic  systems  has  been  used  to  monitor  the 
health  of  the  system  (Ref.13).  Information  in  the 
frequency  range  above  the  one  used  for  normal 
operation  (i.e.  noise  (Ref.  14))  may  contain 
important  information  which  is  often  discarded 
through  filtering  in  the  signal  path.  Limitations 
imposed  by  the  processing  power  available  on-chip 
may  restrict  such  tests  to  comparatively  simple 
evaluation  calculations  mainly  during  the  power- 
up  or  off-line  states. 

Current  sensing  for  open  and/or  short  circuits  in 
measurement  bridges  of  silicon  sensors  account  for 
the  majority  of  defects  in  such  devices.  Current 
sensing  in  the  bridge  branches  or  voltage 
measurement  at  the  bridge  output  nodes  against 
limits  or  thresholds  indicate  instantaneously 
catastrophic  faults  in  such  devices.  Limit  checking 
and  threshold  checking  are  simple  ways  to 
compare  the  system  reading  against  allowable 
boundaries. 

Temperature  measurements  on  microelectronic 
components  or  in  sensing  elements  give 
information  on  the  achievable  accuracy  or  the 
reliability  of  a  measurement.  A  measurement 
bridge  in  silicon  gives  a  temperature  dependant 
voltage  if  driven  with  a  current  source  (Ref.15). 
This  technique  of  temperature  measurement  is 
virtually  free  of  additional  components  and 
indicates  directly  the  temperature  in  the  bridge 
resistors. 

Built-in  overstress  fuses  far  example  indicate 
whether  a  maximum  allowable  temperature  had 
been  exceeded.  A  means  to  indicate  a  damaging 


physical  shock  to  accelerometers  is  also  very 
desirable.  Overstress  on  silicon  components  does 
not  necessarily  cause  an  immediate  failure  but 
often  leads  to  a  shorter  life  time,  increased 
sensitivity  to  noise  or  other  influences  and  may 
also  cause  unwanted  failures  later  in  the  field. 

4,2  Redundancy 

Time  redundancy  is  a  helpful  strategy  to  prevent 
intermittent  measurement  errors  due  to 
electromagnetic  or  electrostatic  interference.  It 
can  for  example  be  performed  in  this  way: 

1.  Measure  value. 

2.  Exchange  input  with  reference  element, 
measure  and  compare  with  expected  result. 

3.  Measure  input  value  again  and  compare 
with  first  measurement 

Hardware  redundancy  is  widely  used  in  safety 
critical  applications  in  the  aerospace  and  nuclear 
power  industries  where  the  cost  factor  is  not  as 
highly  weighted  as  for  example  in  consumer 
applications. 

Information  redundancy  is  widespread  in  software 
applications  and  communications  protocols.  Error 
correction  codes  in  digital  hardware 
implementations  have  been  shown  to  be  an 
interesting  alternative  where  hardware  redundancy 
in  the  form  of  triplicated  systems  etc.  were  not 
feasible  but  a  reliable  form  of  concurrent  error 
checking,  including  correction  of  single 
intermittent  faults,  was  required  (Ref.16). 

4J _ Hardware  B1SI 

Buill-in-Self-Test  (BIST)  is  in  general  a  design 
technique  in  which  pans  of  the  circuit  (the  system) 
are  used  to  test  parts  of  the  system  itself  (Ref.17). 
Pseudo-Random  Binary-Sequence  (PRBS)  test 
pattern  generators  for  example  apply  input  vectors 
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io  digital  or  analogue  (Ref.  18)  modules.  Self- 
Checking  circuit  designs  provide  on-line  lest  for 
digital  (Ref.19)  as  well  as  for  analogue  circuits 
(Ref .20).  The  obtained  output  response  is  then 
compared  with  a  correct  one.  Design  for 
Testability  (DfT)  is  one  strategy  to  reduce  the 
effort  to  test  an  integrated  circuit  and  to  allow 
faster  and  more  exhaustive  testing.  The  boundary 
scan  standard  IEEE  1149.1  allows  the  application 
of  test  pattern  (or  control  and  set-up  information) 
to  modules  deeply  embedded  into  a  circuit  board 
or  integrated  circuit  (Ref.21).  This  standard  is 
available  in  most  ASIC  design  libraries  and  in 
most  new  microprocessors  and  may  be  useful  for 
communication  between  ICs  in  microsystems. 

44 _ Functional  Tests 

Abramovici  et  at  suggested  that  “The  objective  of 
functional  testing  is  to  validate  the  correct 
operation  of  a  system  with  respect  to  its  functional 
specifications"  (Ref.22).  Defined  excitation  of 
sensing  elements  or  actuators  using  for  example 
reference  elements  attempts  to  exercise  the 
functions  of  the  system  as  closely  as  possible  (and 
necessary)  to  its  usual  application.  Self-test  modes 
for  piezoresistive  accelerometers  (Refs.23,24)  in 
which  a  test  pulse  simulates  a  quasi-acceleration 
by  deflecting  the  seismic  mass  derive  a  defined, 
near  full-scale  output  signal  that  can  be  used  to 
lest  the  function  of  the  sensing  element  and  the 
signal  path.  Although  these  lest  approaches  do  not 
reflect  on  the  detailed  structural  model  of  the 
system  under  test  and  are  therefore  not  exhaustive, 
they  deliver  an  accountable  measure  of  the  system 
function  with  minimal  circuit  overhead  for 
providing  the  test  function. 

13 _ Systems  Tea 

Various  methods  which  deal  with  the  evaluation  of 
data  groups  can  be  exploited.  Historical  Records 
including  actual  and  recent  measurement  data  are 
evaluated  using  Statistical  Processing  methods. 
Environmental  Checks  may  be  performed  using 
input  variables  which  are  not  directly  related  to  the 
primarily  device  function  but  are  of  use  to  further 
enhance  the  measurement  characteristics. 
Additional  information  on  the  process  and  the 
environment  in  which  the  microsystem  functions 
may  be  input  via  the  Fieldbus  interface  from  other 
systems.  Most  of  these  functions  are  preferably 
implemented  in  software  and  require  a  powerful 
embedded  processor. 

Condition  monitoring  (Ref.  13)  or  estimation 
algorithms  (Ref.25)  to  provide  analytical 
redundancy  for  fault  detection  and  isolation  (FDI) 
are  considered  to  be  implementable  in 
microsystems  in  more  simplistic  forms  as  for  large 
machines  or  plants.  Analytical  Redundancy 
(Ref.26)  uses  mathematical  models  of  the  process 


and  the  device  (Ref .27)  and  compares  the  obtained 
results  with  calculated  ones. 

System  level  tests  rely  on  the  computing  capacity 
available  in  microsystems.  Rapid  improvements  in 
terms  of  processing  power  can  be  expected  during 
the  next  few  years  and  it  is  up  to  the  test  designers 
and  reliability  engineers  to  exploit  these  sources 
for  diagnosis  and  self-test 

5.  DIAGNOSTIC  INFORMATION 
The  results  obtained  from  BIST  need  to  be 
evaluated  on  their  implication  on  the  measurement 
result  and  the  device  availability.  A  self  validating 
(SEVA)  measurement  system  is  described  by 
Henry  (Ref.l)  and  may  indicate  the  quality  of 
output  information  required  from  future  complex 
microsystems.  It  outputs  device  status  information 
plus  three  measurement  parameters;  the 
(validated)  measurement  value,  an  uncertainty 
value  and  measurement  status  value  as  in  figure  3. 
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Figure  3  :  SEVA  Standardised  Interface  showing 
the  different  output  parameters  of  a  measurement 
(Ref.l) 

The  Device  Status  is  a  "simple,  generic  health 
indicator"  generated  by  the  maintenance  /  fault 
detection  functions  (BIST  functions,  results  of 
IDDQ  tests,  checksums  etc.). 

The  uncertainty  value  indicates  the  accuracy  of  the 
measurement,  taking  all  factors  affecting  the  data 
quality  (measurement  technology,  environment 
conditions,  noise,  calibration,  maintenance  and 
defect  status)  into  account 
The  measurement  value  status  indicates  device 
specific  faults.  Henry  (Ref.l)  defines  four  possible 
values:  CLEAR,  DAZZLED,  BLURRED  and 
BLIND,  "which  indicate  measurement  behaviour 
ranging  from  normal  (CLEAR)  down  to  a 
complete  absence  of  transducer  data  (BUND)*. 
The  MV  status  will  indicate  bad  measurement 
conditions  such  as  high  temperature  and  increased 
humidity  which  influence  the  measurement 
uncertainty. 

The  advantage  of  complex  microsystems  over  their 
“non-in telligent"  counterparts  is  in  the  provision 
of  evaluated  diagnostic  information  during 
operation  in  the  field.  Such  enhanced  output 
information  can  only  be  gained  with  the  utilisation 
of  RIs  for  BIST  in  microsystems. 
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Figure  4:  Schematic  of  a  Smart  Sensor 


6.  MULTI-CHIP  IMPLEMENTATION 

OF  A  MICROSYSTEM 

Important  questions  relating  to  the  integration  of 
BIST  and  self-test  into  a  microsystem  are  “How  to 
implement  it V  or  “Where  to  allocate  the 
functions?”.  Complex  microsystems  to  date  consist 
of  several  modules  which  are  integrated  to  one 
device.  Such  an  approach  far  a  smart  sensor  is 
described  in  figure  4.  This  microsystem  consists  of 
three  submodules:  The  sensing  element,  an 
application  specific  integrated  circuit  (ASIC)  as  an 
analogue  front-end  and  a  microcontroller  to 
provide  processing  power  for  control,  set-up  and  a 
fieldbus  interface  (Ref.28).  The  ASIC  is 
customised  to  the  sensing  element  and  the  specific 
application  al  demands  for  an  optimum 
conditioning  of  the  sensor  signal  whereas  the 
microcontroller  is  an  off-the-shelf  device  with 
large  on-chip  memory  to  allow  storage  of  set-up 
data,  filter  and  calibration  coefficients  and  a 
record  of  measurement  data. 

Self-test  and  diagnostic  features  in  microsystems 
are  restricted  by  the  processing  capabilities 
available  in  the  device.  The  usage  of  RIs  and  other 
diagnostic  strategies  in  microsystems  implies 
careful  consideration  of  these  limitations. 

7.  CONCLUSIONS 

This  paper  describes  the  importance  of  self-test 
and  diagnosis  in  microsystems.  The  utilisation  of 
RIs  for  on-chip  diagnosis  is  evaluated  together 
with  other  self-test  approaches.  A  proposal  for  a 
multi-chip  microsystem  shows  the  requirements, 
possibilities  and  limitations  for  self-tests.  This 
paper  outlines  a  close  relationship  between  DfT  for 
post-production  tests  and  BIST  during  normal 
operation. 


Microsystems  are  complex  mechaironic  systems 
consisting  of  mechanical  interfaces  plus  analogue 
and  digital  electronics  which  result  in  immense 
difficulties  for  fast  and  exhaustive  tests  after 
production,  during  operation  or  maintenance. 
BIST  and  diagnosis  are  important  features  of 
microsystems  to  increase  testability,  decrease 
testing  time  and  improve  its  reliability  during 
operation. 

Reliability  Indicators  for  on-chip  diagnosis  are  an 
important  lest  strategy  for  cost  effective  and  more 
exhaustive  testing  in  high  reliability  mechaironic 
microsystems. 

8.  FUTURE  WORK 

Reliability  Indicators  for  post-production  or 
maintenance  tests  using  additional  test  equipment 
are  already  used  in  industrial  applications.  On- 
chip  diagnosis  for  mechaironic  microsystems 
using  RIs  is  considered  to  be  a  new  field  of  testing 
and  therefore  not  yet  mature.  Simple  techniques 
such  as  on-chip  current  monitoring  have  been 
demonstrated  and  promise  to  become  useful  tools 
for  BIST.  Other  RI  measurements  suitable  for  on- 
chip  implementation  need  to  be  developed  for 
analogue  and  digital  circuits  as  well  as  for  the 
peripheral  interfaces,  i.e.  sensing  elements  and 
actuators. 

The  microelectronics  group  at  Lancaster 
University  investigates  in  self-testable,  robust 
analogue  designs  for  CMOS,  suitable  for 
microsystem  implementation. 

Efficient  CAD  tools  and  libraries  for  microsystem 
design  and  simulation  featuring  self-test  and 
diagnosis  functions,  based  on  RIs  and  other 
techniques,  are  required  as  an  intrinsic  property  of 
their  generic  modules  for  cost-effective  design  and 
prototyping  of  future  generations  of  microsystems. 
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1.  GENERAL 

Quality  indicators  based  on  the  shape  of 
static  I-U  curves  of  PN  junctions  are  commonly 
referred  to  as  Transport  Indicators.  The  definition  of 
a  meaningful!  set  of  transport  indicators  should  be 
based  on  such  points  of  the  I-U  curves,  that  can 
indicate  imperfections  in  technology  and  thus 
possible  degradation  of  the  junction  in  future. 
Several  hundreds  of  GaAsP  LED  diodes,  Si  Zener 
diodes,  power  diodes,  etc,  were  thoroughly  examined 
for  a  period  of  several  thousands  hours.  During  the 
examinations  a  vast  collection  of  data  was  obtained. 
Based  on  the  data  collection,  three  basic  quality 
indicators  were  introduced  and  examined  as  follows: 

-the  forward  voltage  UFI  for  a  defined  current  IF1, 
-the  reverse  current  IRI  for  a  defined  bias  Ujy, 

-the  reverse  voltage  Ugg  for  a  defined  current  Ipg, 
the  quantities  Ut w  Igg  being  very  close  to  the 
junction  breakdown. 

The  indicators  description,  mainly  of  UF], 
and  reasons  for  their  choice  are  presented  in  the 
paper.  Beyond  the  transport  indicators,  the  noise 
quality  indicators  were  applied.  They  are  described 
elsewhere  (Refe.1^3).  The  maximum  noise  spectral 
density  in  forward  direction  is  used  in  this 
paper  to  discuss  the  results  obtained  by  application 
of  transport  indicators  UFf  Ugg. 

2.  CARRIER  TRANSPORT  IN  P-N  JUNCTIONS 

The  PN  junction  operation  is  based  on  well- 
known  transport  mechanisms:  Hiffmirai  mechanism 
of  Shockley,  high  injection  mechanism  (in  forward 
polarization),  generation-recombination  mechanism 
(in  both  forward  and  reverse  junction  polarization) 
and  Zener  and  avalanche  mechanisms  (in  reverse 
polarization).  I-U  curves  of  diodes  with  those 


transport  mechanisms  are  referred  to  as  ideal 
curves. 

The  diode  degradation  and  operation  failure 
result  generally  from  uncontrolled  technology 


Fig.I  Deviation  of  I-U  curve  caused  by  tunnel  a ■  rent 
(sample  S3)  and  by  volume  leakage  current  (sample 
S17).  Sample  SI2  exhibits  ideal  I-U  curve 

procedures  or  steps  in  semiconductor  crystal  growth, 
junction  formation,  surface  treatment  and  packaging. 
They  can  produce  imperfections  such  as  additional 
energy  states  in  the  forbidden  gap,  impurity 
distribution  irregularities,  local  overdoped 
degenerated  microregions  in  the  junction,  clusters  of 
impurity  atoms,  dislocations,  deviations  from  desired 
junction  geometry,  etc.  Some  of  the  imperfection, 
bring  about  additional  charge  carriers  transport*, 
that  can  be  observed  on  I-U  curves  as  deviation; 
from  the  curves  ideality.  The  nature  of  the  carrier 
transports  is  discussed  in  the  paper. 

The  additional  charge  carrier  transports 
were  detected  in  several  diodes.  To  demonstrate 
their  effect  on  I-U  curves,  Fig.  1  is  provided.  In  it, 
curves  of  three  GaAsP  LED  diodes  are  {dotted. 
Brief  inspection  shows  that  regions  of  diffusior  and 
high  injection  currents  overlap  at  bias  greater  than 
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appr.  15V.  Solid  line  in  Fig.  1  indicates  function 
exp(eU/2kT),  which  governs  the  generation- 
recombination  transport  mechanism.  Experimental 
curve  of  diode  S12  coincides  with  the  function 
within  the  bias  range  05V  to  1.45V.  This  curve  is 
the  ideal  curve.  Deviation  from  ideality  can  be  seen 
for  diode  S17  in  the  range  from  0.4V  through  to  5V 
and  for  diode  S3  below  1.45V. 

2.1  Tunneling  in  overdoped  microregions 

In  the  case  of  diode  S3  one  can  assume  that 
the  current  mechanism  is  of  tunneling  nature. 
Electrons  tunnel  from  local  overdoped  degenerate 
microregions  into  unoccupied  states  in  the  depletion 
region.  The  tunneling  is  direct  and  it  is  accompanied 
by  nonradiative  recombination.  The  asumption  is 
based  on  the  temperature  variation  analysis  of  the 
diodes,  which  was  performed  in  temperature  range 
18°C  to  75°C.  It  shows  that  the  current  is 
independent  of  temperature.  The  probable  origin  of 
local  overdoped  microregions  are  dislocations,  grown 
from  the  junction  boundary  during  the  epitaxy 
process.  The  dislocations  enable  access  into  the 
transition  region  to  a  large  number  of  impurity 
atoms,  thus  forming  overdoped  P+N  microjunctions. 

2.2  Volume  leakage  current 

Sample  S17  exhibits  a  deviation  of  l-U  curve 
at  lower  bias.  Corresponding  current  was 
investigated  by  temperature  variation  analysis.  It 
follows,  that  the  current  is  proportional  to  Ur,  y>l. 
The  nature  of  the  mechanism  involved  could  be 
explained  by  a  model  of  two  parallel  circuit 
branches.  One  of  them  consists  of  PN  junction  itself 
and  the  other  of  a  PN  junction  (or  metal- 
semiconductor  contact)  and  an  ohmic  resistance  in 
series.  The  ohmic  contact  is  nearly  temperature 
independent. 

Microcracs  or  other  crystal  imperfections 
could  be  responsible  for  the  ohmic  resistance  and, 
consequently,  for  the  volume  leakage  current.  On 
the  other  hand,  formation  of  microscopic  Schottky 
contacts,  resulting  from  metal  atoms  transport  along 
dislocations  to  the  transition  region,  could  be 
accompanied  with  relatively  high  spreading 
resistance.  The  spreading  resistance,  which  is 
virtually  independent  of  temperature,  represents 
series  ohmic  resistance. 


23  Reverse  polarity 

High  impurity  distribution  irregularities,  that 
accompany  certain  technology  techniques,  affect  the 
transition  region  width,  which,  in  turn,  determines 
the  reverse  generation-recombination  current  and,  to 
a  certain  degree,  the  avalanche  breakdown  voltage. 
The  surface  and  volume  leakage  currents  cause 
additional  deviation  of  reverse  l-U  curves  from 
ideality.  The  quality  indicators  lRl  and  UKS  can 
control  effect  of  such  flaws. 


3.  REAL  l-U  CURVES 

The  summary  of  individual  current 
components,  associated  with  mechanisms  discussed 
above,  is  schematically  indicated  in  Fig.  2.  Tunnel 
current  is  indicated  by  curve  4,  diffusion  current  by 
curve  3,  generation-recombination  current  by  curve 
2  and  volume  leakage  current  by  curve  1.  It  is  dear 
from  the  picture,  that  the  occurence  of  the  tunnel 


Fig.2  Effect  of  tunneling  current  on  quality 
indicator  UFr  Volume  leak  current  1,  generation  - 
recombination  current  2,  diffusion  current  3, 
tunneling  current  4. 

curent  results  in  a  bias  drop  for  a  preselected 
current  hi-  Corresponding  bias  on  curve  2  (or  3) 
can  be  taken  for  the  transport  quality  indicator.  The 
value  of  IfI  should  not  exceed  100  pA  (as  applied  in 
this  paper).  It  could  be  even  lower,  generally  within 
the  range  0.1  pA  to  100  pA. 

In  a  similar  manner,  the  occurence  of  the 
volume  leakage  current  can  be  controlled  by  au 
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additional  transport  quality  indicator,  possibly/^  Its 
value  should  be  low,  below  1  nA.  Diode  examination 
according  to  was  not  included  in  this  paper. 

4.  RESULTS.  CONCLUSIONS 

For  comparison  of  the  sensitivity  and 
efficiency  of  the  indicators  a  set  of  20  GaAsP  LED 
samples  was  examined.  The  set  was  aged  for  a 
period  of  6000  hours.  The  results  are  presented  in 
Fig.  3,4,5,  where  only  data  for  a  group  of  typical 
samples,  same  in  all  figures,  are  plotted. 

4.1  Transport  indicators 


The  time  variation  of  the  lfFI  indicator  is  in 

Fig.  3. 


Fig-3  UFl  indicator  for  a  group  of  typical  samples  of 
GaAsP  LEDs  at  IFJ  »  100  pA 


It  follows,that  three  samples  of  the  set 
exhibited  considerably  lower  values  of  UFJ,  ranging 
from  .85  to  13  V  (No  41,  42,  50)  at  the  beginning 
of  the  aging  process.  Seventeen  samples  had  the 
value  UF1  very  close  to  the  ideal  (theoretical)  value 


Fig-4  indicator  for  a  group  of  samples  of  GaAsP 

LEDs  at  /gg  =  100  pA 


of  1.40  V  at  I F1  »  100  pA.  After  200  hours  of  ?gim; 
the  value  of  samples  43,  53  dropped  and  lest: 
samples  joined  the  three  former  samples  with  low 

UFf 

The  spread  of  values  UFJ  in  good  samples 
is  caused  by  non-uniformity  in  doping  and, 
consequently,  by  the  depletion  layer  width.  The  time 
evolution  of  this  ensemble  of  samples  shows  an 
interesting  feature:  average  values  quality  indie?  tois 
for  high  quality  samples  vary  only  slightly  over  the 
whole  aging  period,  whereas  those  for  the  othe 
samples  decreased  considerably. 

The  time  variation  of  the  indicator  for 
/M-100  pA  is  given  in  Fig.  4,  where  three  groups 
of  samples  can  be  distinguished.  Groups  A,  6 
proved  to  be  stable  during  the  aging  process. 
Samples  of  group  C  exhibit  soft  breakdown  and 
their  Ugg  values  are  much  lower  than  in  groups  A, 
B.  During  the  aging  process  the  U^g  indicator 
decreased  for  certain  samples.  Samples,  as  No  53, 
were  good  at  the  beginning  of  aging  from  the  poin. 
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of  view  of  the  indicator  UF1,  but  not  acceptable 
from  the  point  of  view  of  the  Ugg  indicator.  These 
samples  exhibit  excess  noise  in  forward  direction,  as 
mentioned  below. 

4.2  Noise  measurement 


Fig.5  SUM  indicator  for  a  group  of  samples  of  GaAsP 
LEDs 

In  the  course  of  the  aging  process  the 
maximum  spectral  density  in  the  forward  direction 
■Star  was  measured.  In  Fig.  5  the  time  evolution  of 
Suu,  measured  across  a  load  resistor  of  10  IcO,  is 
indicated.  Two  groups  of  samples  can  be 
distinguished.  They  are  separated  by  a  gap  of  at 
least  two  decadic  orders  of  magnitude.  Inspection  of 
the  sample  numbers  shows  that  results  of  transport 
and  noise  measurements  are  closely  related  and 
there  is  a  strong  correlation  among  indicators  UFl, 
Ugg  and  Sfjff.  Samples  exhibiting  low  value  of  UFl 
have  low  value  of  Ugg  and  high  value  of  Good 
samples  exhibit  high  value  of  UF1  and  Ugg,  while 
SUkf  is  rather  low.  From  the  point  of  view  of 
transport  there  are  only  three  poor  samples  in  the 
set.  (No  41,  42,  SO)  at  the  very  beginning  of  the 


aging.  After  200  hours  of  aging  samples  No  4:'  and 
S3  also  deteriorated.  It  is  worthwhile  noting  that 
these  two  samples  had  high  values  of  of  SUM  at  the 
beginning.  Application  of  noise  indicators  seem  to 
be  more  sensitive  to  defects  and  degradation  process 
and,  thus,  more  efficient  in  quality  predictions. 
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ABSTRACT 

In  order  to  predict  1C  failure  rate  during  IC  lifetime, 
one  has  to  take  into  account  the  defected  population. 
Methods  in  order  to  quantify  this  defected  population 
are  difficult  to  apply  to  high  reliable  integrated 
circuits  and  their  manufacturing  processes.  The 
usefulness  of  the  parameter  "reliability  defect  density” 
is  explained  for  IC  reliability  prediction  and 
assessment.  As  opposed  to  conventional  methods 
only  one  parameter  for  each  failure  mechanism  is 
necessary  in  order  to  predict  IC  reliability. 

As  an  example  the  methodology  has  been  worked  out 
for  the  reliability  assessment  of  gate  oxides.  It  is 
shown  how  the  “reliability  defect  density”  can  be 
obtained  from  a  simple  constant  voltage  stress  test 
or  from  available  ramp  voltage  breakdown 
measurement  data.  The  proposed  method  is  featured 
by  a  short  test  duration,  a  low  overstress,  and  a 
moderately  large  amount  of  large  area  test  samples. 
Experimental  ramp  breakdown  data  for  a  practical 
technology  are  presented  and  analysed.  Using  the 
measured  reliability  defect  density,  the  oxide  related 
pan  of  the  IC  failure  rate  is  predicted  for  four  different 
use  condions. 


1.  INTRODUCTION 

Extensive  field  return  analysis  programs  (Refs.  1-2) 
have  investigated  the  IC  failure  modes  occuring 
during  operation  in  the  field.  Although  dependent  on 
environmental  and  operational  conditions,  a  general 
picture  is  apparent ;  roughly  half  of  the  confirmed 
failures  can  be  attributed  to  electrical  overstresses 
(EOS/ESD)  while  the  other  half  is  waferfab  or 
assembly  process  related.  The  waferfab  and  assembly 
related  failures  can  be  subdivided  into  two  main 
categories  :  "maverick”  or  "freak”  wafers  due  to 
operator  errors  or  equipment  malfunctioning  (e.g. 
metal  thickness  below  specification,  bad  wire  bond 
parameters  applied,  contamination,  ...),  and  small 
manufacturing  defects.  These  defects  most  be  viewed 
in  a  broad  perspective  :  any  localized  physical 
material  unbooogenity  wbicb  weakens  a  component 


Defects  can  be  caused  by  particles,  but  can  also 
originate  from  material  or  processing  anomalies. 
Examples  are  local  gate  oxide  thinning  or  metal 
voids,  but  also  scratches  during  wafer  handling, 
probing  and  transport  occasional  high  ohmic  vias, 
occasional  weak  wire  bonds,  surface  asperities  below 
thin  oxides  etc. 

As  the  technology  margins  become  smaller  and  1C 
die  areas  increase  during  the  ongoing  scaling 
evolution,  IC’s  become  more  vulnerable  to 
manufacturing  defects.  On  the  other  hand,  tbe 
reliability  targets  on  component  level  become 
tougher.  A  failure  rate  as  low  as  a  few  ppm  /  year  is 
becoming  a  realisilic  requirement  in  high  reliability 
markets.  These  trends  necessitate  tbe  implementation 
of  efficient  (early)  failure  rale  assessment  methods. 

Conventional  failure  mechanism  assessment 
methods,  using  a  low  number  of  test  structures  with 
relatively  small  area,  focus  on  intrinsic  phenomena, 
i.e.  wear-out  of  the  IC.  Although  both  useful  and 
necessary  for  tbe  characterization  of  new  processes 
during  technology  development,  these  methods  fail  in 
detecting  present-day  low  defect  densities.  Reliability 
requirements  in  some  applications  have  risen 
considerably.  Since  field  return  programs  suffer  from 
high  cost  and  excessive  feedback  times,  methods  are 
required  in  order  to  assess  tbe  required  defect  levels  in 
tbe  wafer  fab. 


2.  FIELD  FAILURE  RATE  ASSESSMENT 

2.  llC.faiiure  rate. model 

The  set  of  failure  mechanisms  possibly  affecting  tbe 
reliability  of  integrated  circuits,  can  be  subdivided  in 
time  dependent  and  stress  event  related  failure 
mechanisms.  Tbe  cumulative  amount  of  failures  of 
an  integrated  circuit  throughout  its  lifetime,  Fjc(t). 
can  be  approximated  as  tbe  sum  of  tbe  cumulative 
amount  of  failures  of  these  individual  failure 
mechanisms,  as  these  fractions  me  small  in  virtually 
all  practical  cases: 
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Fic<0  =  Fem(0  +  FtddbW  +  FcorW  +  - 

+  Fesd  +  Fthcycl  +  •••  (!) 

For  a  time  dependent  failure  mechanism  i,  the 
cumulative  amount  of  failures  F,(t)  can  be  written  as: 

F|(tu*e)  “  1*<U  *  l*ii{tuie)  +  (l'Pdj)  •  FjujOtue}  (2) 

With  : 

Fa,i(t) :  the  cumulative  distribution  function  f  or 
the  defected  population  (early  failure 
fraction)  far  failure  mechanism  i 
Fnyft) :  the  cumulative  distribution  function  for 
the  intrinsic  population  (wear-out 
failure  fraction)  for  failure  mechanism  i 
tmt :  the  effective  operational  time : 

fuse  *  Itejt  ■  AcCi  /  tIdf 

Acc, :  the  acceleration  factor  between  test  and 
use  conditions  for  failure  mechanism  i 
T)0p  :  the  operational  duty  cycle  factor  of  the 
application  :  qoF  =  «on  /floN+tOFF) 

Pd,i :  the  fraction  of  IC's  containing  a  defect 

for  failure  mechanism  i : 

For  IC’s,  manufactured  in  well  designed  technologies 
with  capable  processes,  the  intrinsic  failure  fraction 
will  be  negligible  during  typical  component  lifetimes 
(<25  years)  at  typical  operating  conditions  (Tj  < 
125°C).  The  field  failures  will  consist  predominantly 
of  components  of  the  defect  related  populate. 

FicfW)  -  £  Pdj  •  F^W)  (3) 
i 

Note  that  not  necessarily  all  of  the  components  with 
an  internal  defect  will  fail  during  operational  life. 

2.2  Global  defect  fraction  method. 

Conventionally,  assessment  of  the  IC  failure  rate  is 
done  by  performing  an  accelerated  life  test  In  order  to 
investigate  one  failure  mechanism,  dedicated  test 
structures  are  used.  After  the  test,  all  parameters  of 
the  model  expressed  by  eq.  (3)  are  determined  by  a 
bimodal  fit  from  the  lifetest  data:  the  global  defected 
fraction  Pdj  ,  and  the  shape  and  location  parameters 
of  die  failure  distribution  function  Fdj(t).  For  small 
defect  densities,  the  sample  sizes  required  are 
unpractically  large. 

2.3  Reliability  rtefwt  rinreitv  nvriwl 

The  IC  failure  model  described  above  requires  for  each 
failure  mechanism  the  knowledge  of  the  full 
distribution  function.  However  in  practice  the 
devices  which  appear  as  field  failures  constitute  only 


a  fraction  of  the  total  defected  population,  dependent 
on  the  operational  environmental  and  electrical 
conditions.  Consequently  it  must  be  possible  to 
assess  field  failure  rates  with  only  part  of  the 
information  needed  in  the  general  model. 

Defining  a  parameter  Prj(ic)  as  : 

Fr,i(IC)  =  Pd.j  ■  Fd  l(tu„)  (4) 

allows  to  rewrite  eq.  (3)  as : 

Ficftuie)  ”  E  Pr>1(IC)  (5) 

i 

The  parameter  Prj(ic)  can  be  described  using  the 
concept  of  reliability  defect  density.  The  term 
“reliability  defect  density”,  as  opposed  to  the  well 
known  “yield  defect  density”,  has  been  introduced  a 
few  years  ago  (Ref.  3)  and  this  concept  is  also  applied 
in  recent  other  studies  (Ref.  4).  While  yield  defects 
cause  integrated  circuits  to  fail  at  the  first  electrical 
tests,  reliability  defects  will  cause  failure  later  on 
during  operational  life.  Smaller  defects  not  causing  a 
reliability  fail  are  not  included  in  this  figure.  While 
yield  defect  density  is  relatively  easily  measurable, 
efficient  measurement  methods  in  order  to  assess 
reliability  defect  density  are  lacking. 

We  define  reliability  defect  density  as  the  number  of 
defects  per  unit  area  which  would  cause  a  failure  for  a 
specified  failure  mechanism  during  operation  for  a 
prescribed  period  of  time  under  well  defined 
environmental  and  electrical  conditions.  This 
parameter  is  not  only  dependent  on  defect  density,  but 
also  on  the  operational  environment  and  the  studied 
period  ;  defects  that  would  cause  failures  in  harsh 
environments  might  survive  under  mild  operational 
conditions. 

Using  the  concept  of  reliability  defect  density,  the 
field  failure  rate  assessment  for  a  time  dependent 
failure  mechanism  then  proceeds  as  follows : 

-  calculation  of  test  conditions  :  applied  stress  S,M, 
and  sod  test  time  tun  -  These  accelerated  test 
conditions  should  be  equivalent  to  the  component  use 
conditions.  They  are  determined  using  theoretical  or 
empirical  acceleration  models.  Overstress  is  kept  as 
low  as  practically  possible  in  order  to  minimize 
errors  due  to  the  lack  of  an  established  law  which 
allows  extrapolation  of  failure  rates  found  at  high 
stress  conditions  during  test  to  low  stress  conditions 
during  operation.  The  effective  operational  time  tun. 
is  to  be  derived  from  the  required  lifetime  and  the 
operational  duty  factor  qDii : 

>UM  “  Itife  •  ffDF  (® 
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-  Test  structures:  In  order  to  assess  low  defect 
densities,  either  an  extremely  large  number  of 
conventional  test  structures,  either  a  moderately  large 
number  of  large  area  test  structures  is  needed.  The 
preferred  approach  is  to  use  test  structure  areas  as 
large  as  practically  possible,  in  casu  existing  yield 
defect  density  structures. 

-  After  application  of  the  stress  test,  the  number  of 
failing  test  structures  is  counted,  and  Pr,j<teii)  is 
determined  as  the  fraction  of  failing  test  structures 
devided  by  the  sample  size. 

-  The  reliability  defect  density  under  operational 
conditions  is  determined,  according  to  the  well- 
known  yield  equation  Y=i-P  =  l/(1  +  D.A)  : 

Gr.i  =  1  !  AC|it,i(tesl)  •  Protest)  Ml  ■  Prj(teit))  (7) 

-  Finally,  for  any  given  IC  and  for  failure  mechanism 
i,  the  failing  fraction  during  lifetime,  under  the 
specified  conditions,  is  determined  as  follows: 

Pr.i(IC)  =  (Dr,i  AcriudC))  /  O  +  Drj  -AcriUflC))  <*) 

In  most  cases  Pr_i(M)  is  small,  and  eq.  (8)  can  be 
approximated  by : 

Pr..(IQ  “  (Acnt,i(lC))  /  Aoitj (fat))  ■  Prj«M<)  (9) 

As  an  example  of  this  methodology,  we  explore  the 
use  of  oxide  reliability  defect  density  in  the  following 
section.  The  technique  can  also  be  applied  to  assess 
the  field  reliability  of  metal  interconnect  (Ref.  S). 


3.  EXAMPLE:  OXIDE  RELIABILITY  DEFECT 
DENSITY 

Available  techniques  in  order  to  predict  oxide 
reliability  are  constant  voltage  and  ramped  voltage. 
When  the  defected  population  of  the  gate  oxide  is 
small,  assessment  of  gate  oxide  reliability  is 
impractical  using  conventional  constant  voltage 
methods,  while  ramped  voltage  so  far  is  not  used  to 
predict  gate  oxide  reliability.  As  gar*  oxide  reliability 
steadily  improves,  while  IC  reliability  requirements 
steadily  increase,  it  becomes  necessary  to  develop 
methods  suited  for  high  reliability  assessment. 
Therefore  we  adapted  both  methods  in  order  to  main- 
them  suitable  for  high  reliability  assessment 

3.1  Theoretical  hartrorramri 

As  acceleration  model  we  selected  the  reciprocal  field 
model  combined  with  the  “effective  oxide  thinning" 
concept  (Ref.  8),  which  accounts  for  the  presence  of 


defects.  Defects  are  modeled  as  localized  oxide 
thinning.  The  relation  between  the  breakdown  time 
and  the  thickness  of  the  remaining  oxide  X^f  is 
expressed  as  follows  (Ref.  8) : 

Ibd  =  to  •  exp[  GXcb  /  VOI  ]  (10) 

with  :  tgQ  :  time  to  breakdown 

Xcff :  effective  oxide  thickness 
Vox :  stress  voltage 
to :  intrinsic  breakdown  time 
G :  field  acceleration  parameter 

Determination  of  G  and  t0  fo<  each  process  is 
impractical.  As  both  parameters  do  not  vary  much 
between  similar  processes,  it  is  possible  to  rely  on 
published  data.  Note  that  G  rid  tQ  are  both 
temperature  dependent.  Typical  values  at  room 
temperature  are  t0  =  1.0  x  10-n  s  and  G  =  350 
MV/cm  (Ref.  9).  Values  at  other  temperatures  can  be 
calculated  from  formulas  developed  in  Ref.  10.  At 
55°C  these  parameters  have  the  values  x0  =  3.0x10- 
n  s  and  G  =  325  MV/cm  and  at  125^,  xq  =  1.7  x 
10-10  s  and  G  =  290  MV/cm. 

The  smallest  value  of  Xeff  leading  to  no  IC  failures 
during  operational  life,  Xeff*,  can  be  determined  from 
eq.  (10)  as  follows: 

V»« 

Xcff*=  _  .  lnlW /xoCW)!  (11) 

GfTuje) 

3.1.1  CgnstaatyoHagc  method 

In  this  test,  the  stress  conditions,  V^,,  and  TM ,  are 
applied,  during  a  fixed  time  period  t^*-  At  the  end  of 
the  stress  test,  the  failing  fraction  P[,tddb(u«)  <s 
recorded.  This  failing  fraction  is  the  same  at  would 
occur  during  lifetime  for  an  IC  with  the  same  gate 
oxide  area  stressed  with  and  Tuw,  during  a  time 
period  tun.  The  reliabrlity  defect  density  for  the 
failure  mechanism  TDDB,  Dr ,tddb  can  be  determined 
using  eq.  (7). 

Applying  equation  (10)  both  to  the  stress  test 
conditions  and  to  the  use  conditions  allows  to  express 
teat  as  follows : 

hr  W  -  (12) 

GCTeoJ.Viia 

taxoCW  + - .  lnduo/toCToe)) 

GCW.Veo, 
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This  expression  allows  to  determine  t<ut.  for  the 
given  use  conditions,  and  the  selected  stress  test 
conditions  and  Tw. 

During  constant  voltage  stress  tests,  we  prefer  to 
limit  the  electrical  field  to  6  MV/cm  as  there  may  be 
different  physical  mechanisms  active  at  high  and  low 
field  stress  (Ref.  7), 

In  this  test,  a  ramped  voltage  is  applied  at  the 
temperature  TM.  The  breakdown  voltage  of  each  test 
structure  is  recorded.  The  breakdown  voltage,  V bd*. 
corresponding  to  an  effective  gale  oxide  thickness 
Xeff*  is  determined.  The  breakdown  voltage  interval 
lvme .  Vbd*1  corresponds  to  the  lifetime  period,  and 
is  called  the  reliability  voltage  interval.  The  failing 
fraction  Pr,TDDB(ie»0  is  determined  as  the  number  of 
fails  occurina  in  the  reliability  voltage  interval 
[Vuse,  VBD*1.  divided  by  the  sample  size. 

Ramped  voltage  measurements  data  are  available  from 
measurements  on  yield  structures  on  large  amounts  of 
samples,  since  this  test  type  is  frequently  performed 
during  technology  development  and  as  a  yield 
monitoring  test.  Therefore  it  is  logical  to  use  these 
data  for  reliability  assessment  purposes. 

A  good  approximation  for  the  relation  between  the 
ramp  breakdown  voltage  V  BD  at  a  given  ramp  rate  R, 
and  the  effective  oxide  thickness  Xeff  is  given  by 
(Ref.  10): 

X«ff  -  (13) 

Vbd  v^bd 

_ In  [ _ ] 

GOteit)  R  .  ToCTimO  .  G(TiMt)  •  Xm 

For  a  given  value  of  Xeff  =  Xeff*,  determined  using 
eq.  (1 1),  VBd*  can  be  solved  from  eq.  (13). 


For  oxides  with  excellent  reliability,  for  small  sample 
sizes,  or  for  lest  structures  of  small  area,  the  number 
of  fails  in  the  interval  [Vuse ,  VBd*1  is  small,  or  can 
be  even  zero.  In  this  case  Pt,TDDB(it»i)  can  be 
determined  with  a  better  accuracy  by  interpolation. 
The  validity  of  this  interpolation  is  shown  below. 

For  constant  voltage  test  results,  it  is  known  that, 
when  the  cumulative  failing  fraction  versus  tBp  is 
plotted  on  log-normal  or  on  log-Weibull  paper,  the 
defect  related  and  the  intrinsic  population  fit  a  straight 
line  (Ref.6). 


Figure  i  :  Relation  between  In  rBp  and  Vbd 
calculated  according  to  eq.  (14) . 


From  Ref.  10,  we  find  the  following  relation  between 
tBpand  VBp: 

hi  tBo  =  Ci .  VBd  •  l  hi  VBd  +  C2  ]  +  C3  O4) 

with  tBD  the  time  to  breakdown  under  constant 
voltage  stress,  VBD  the  ramp  breakdown  voltage,  and 
C],  C2,  and  C3  constants.  Eq.  (14)  is  illustrated  in 
figure  1  :  a  nearly  straight  line  is  obtained  over  the 
voltage  interval  [2V,  18V].  Therefore  a  linear 
relationship  between  In  tBo  and  VBd  can  be  assumed 
and  eq.  ( 14)  can  be  approximated  by : 

In  tBD  ■  C4  .  VBd  ♦  Cj  (15) 


Operational  conditions 

@53V 

Test  definitions  @  Troom  | 

(°£) 

Period 

(years) 

nop 

(%) 

tBD  @  10.5V 
(ms) 

VfiD  ®5 V/s 
(V) 

A 

125 

(0-11 

100 

782 

11.4 

Early 

B 

125 

[0-1] 

5 

118 

10.6 

Life 

C 

55 

[0-1] 

100 

128 

10.6 

D 

S5 

[0-11 

5 

24 

9.9 

A 

125 

[0-25] 

100 

5960 

123 

Total 

B 

125 

[0-25] 

5 

900 

113 

Life 

C 

55 

[0-10] 

100 

464 

112 

D 

55 

-101 

5 

86 

103 

Table  I :  Test  definition  examples  for  constant  field  stress  tests  (tBD)  °nd  ramp  voltage 

tests  (Vbd) 


Operational  conditions  @  5.SV 

NweU 

PweU 

1C 

mm 

Period 

UDF 

KPH 

Hi 

FC(0 

(years) 

(%) 

■SsH 

■3591 

(ppm) 

A 

125 

HjBQl 

n»toifc 

0.80 

0.36 

Eariy 

B 

125 

ESfl 

wfl 

0.63 

0.28 

Life 

C 

55 

EE® 

0.63 

0.28 

Marat 

D 

55 

msm 

0.50 

0.22 

BB 

A 

125 

1.04 

0.45 

129 

Total 

B 

125 

[0-25] 

HM 

0.83 

0.36 

103 

Life 

C 

55 

■ 

0.76 

0.33 

95 

D 

55 

(0-101 

mBm 

0.61 

0.27 

77 

Table  II :  Reliability  defect  densities  for  N  and  P  well  gate  oxide  capacitors  and 

cumulative  number  of failures  for  an  1C  with  a  total  gate  oxide  area  of  0.2  mm 2 


Consequently,  when  the  cumulative  failing  fraction 
versus  Vbd  is  plotted  on  Un-normal  or  on  lin- 
Weibull  paper,  the  defect  related  and  the  intrinsic 
population  fit  on  a  straight  line.  Therefore,  in  order 
to  determine  Pr.TDDB(te«)  from  a  ramped  voltage 
plot,  linear  interpolation  with  the  data  points  outside 
the  reliability  voltage  interval  is  possible  on  lin- 
normal  or  lin-Weibull  paper. 

3.1.3  Comparison  between  the  Constant  voltage  and 
the  Ramped  voltage  method 

The  ramped  voltage  method  has  a  big  advantage  over 
the  constant  voltage  method  in  that  the  measurement 
data  are  readily  available  in  many  cases. 

On  the  other  hand,  the  accuracy  of  the  ramped  voltage 
method  entirely  depends  on  the  accuracy  of  eq.  (13). 
This  accuracy  is  not  easy  to  assess. 

For  a  gate  oxide  with  a  thickness  of  17.5  nm  and  for 
four  typical  use  conditions,  denoted  as  A,  B,  C,  and 
D,  the  corresponding  stress  test  conditions  were 
calculated  for  a  constant  voltage  test  at  10.5  V 
(corresponding  with  =  6  MV/cm)  and  a  ramped 
voltage  test  at  5V/s  ramp  rate.  The  results  are  shown 
in  Table  I. 

3.2  Experimental  data  and  discussion 

A  set  of  CMOS  test  structure  capacitors  was  used  as 
part  of  a  yield  monitor  structure.  Cate  oxide  thickness 
is  17.5  nm  and  the  area  of  each  capacitor  is  1.0  mm2. 
The  gate  oxides  are  grown  on  N  and  P-wells.  They 
were  processed  according  to  a  standard  process  flow. 
Data  was  collected  during  a  period  of  about  2  months. 
About  10  000  capacitors  were  subjected  to  a  ramped 
voltage  test  during  this  time  period. 

The  breakdown  data  ate  shown  in  figures  2  and  3  for 
the  N  and  P-well  capacitors  respectively.  In  these 
graphs  the  populaUon  failing  below  5  V  has  been 


Figure  2 ;  Ramp  voltage  breakdown  data  for  N-  well 
gate  oxide  capacitors  (failure  fraction  vj.  voltage) 


Figure  3  :  Ramp  voltage  breakdown  data  for  P-well 
gate  oxide  capacitors  (failure  fraction  vs.  voltage ) 

censored  as  it  is  yield  loss  and  will  not  reach  the  field. 
Also  the  part  of  the  population  which  survived  at 
voltage  compliance,  due  to  probing  problems  etc., 
was  removed  from  the  data.  The  data  are  presented  in 
a  lin-normal  chart  The  defect  related  part  in  these 
experimental  breakdown  curves  follows  a  straight 
line,  in  accordance  to  the  theory  developed  above. 
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As  long  as  a  few  failures  in  tbe  voltage  range  5V  - 
1SV  are  present,  a  reasonable  fit  within  the  reliability 
voltage  interval  is  possible.  In  our  case  results  of 
acceptable  accuracy  could  also  have  been  obtained 
with  a  considerably  lower  sample  size. 

For  an  integrated  circuit  with  a  gate  oxide  area  of  0.2 
mm2,  ic  failure  rates  were  determined,  for  tbe  four 
selected  use  conditions  A,  B,  C,  and  D.  Tbe  results 
are  shown  in  Table  n.  Comparing  tbe  early  failure 
results  for  condition  B,  which  is  equivalent  to  450 
Hrs  continuous  operating  time,  to  the  long  term 
failure  results  for  condition  A,  corresponding  to  225 
kHrs  operating  time,  it  is  apparent  that  most  oxide 
related  field  failures  will  occur  in  the  first  weeks  of 
operation  for  components  processed  in  the  evaluated 
technology.  This  also  explains  why  the  influence  of 
the  operational  duty  factor  on  the  failure  fractions  is 
small  :  even  in  applications  with  low  duty  cycle, 
most  of  the  oxide  related  failures  will  occur  shortly 
after  installation. 

Another  observation  from  table  II  is  that  the  influence 
of  operational  temperature  on  the  field  drop-out  is 
relatively  small.  The  higher  temperature  causes  an 
even  higher  concentration  of  failures  immediately 
after  voltage  application. 

These  data  can  be  used  for  the  following  purposes: 

-  process  qualifications 

-  assessment  of  IC  failure  rates 

-  determination  of  the  effectiveness  of  voltage  screens, 
applied  on  products  at  electrical  test  in  order  to 
improve  reliability  for  high  reliability  products. 
Because  the  occurance  of  circuit  degradation  problems 
such  as  hot  carrier  degradation  and  punch  through,  a 
voltage  screen,  which  would  eliminate  all  first  year 
failures,  is  not  always  passible. 

From  these  observations  it  can  be  concluded  that  for 
tbe  particular  oxide  evaluated  most  oxide  related  field 
failures  will  occur  in  tbe  first  operational  year  for  a 
broad  range  of  temperatures  and  duty  cycles. 

33  FurtheLwotk. 

Currently  work  is  ongoing  in  order  to  compare  the 
results  from  the  ramped  voltage  method  with  tbe 
constant  voltage  method. 


4.  CONCLUSION 

The  usefulness  of  tbe  parameter  “reliability  defect 
density”  is  explained  for  reliability  assessment  of 
integrated  circuits.  As  opposed  to  conventional 
methods  only  one  parameter  per  frihire  mechanism  is 
necessary  in  order  to  predict  IC  reliability. 


As  an  example  the  methodology  has  been  worked  out 
for  the  reliability  assessment  of  gate  oxides.  It  is 
shown  how  the  “reliability  defect  density”  can  be 
obtained  from  a  simple  constant  voltage  stress  test 
or  from  available  ramp  voltage  breakdown 
measurement  data.  Tbe  proposed  method  is  featured 
by  a  short  test  duration,  a  low  overstress,  and  a 
moderately  large  amount  of  large  area  test  samples. 

Experimental  ramp  breakdown  data  for  a  practical 
technology  were  presented  and  analysed.  Using  tbe 
measured  reliability  defect  density,  tbe  oxide  related 
part  of  the  IC  failure  rate  was  predicted  for  four 
different  use  condions. 
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